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ABSTRACT

This report documents work carried out in the Materials Research Laboratory of the
Pennsylvania State University over the first year of a new ONR sponsored University
Research Initiative (URI) entitled “Materials for Adaptive Structural Acoustic Control.” For
this report the activities have been grouped under the following topic headings:

1. General Sumiary Papers.
Malterials Studies.
Composite Sensors.
Actuator Studies.
Integration Issues

AN K W N

Processing Studies.
7. Thin Film Ferroelectrics.

In material studies important advances have been made in the understanding of the
evaluation of relaxor behavior in the PLZT’s and of the order disorder behavior in lead
scandium tantalate:lead titanate solid solutions and of the Morphotropic Phase Boundary in this
system. For both composite sensors and actuators we have continued to explore and exploit
the remarkable versatility of the flextensional moonie type structure. Finite element (FEA)
calculations have given a clear picture of the lower order resonant modes and permitted the
evaluation of various end cap metals, cap geometries and load conditions. In actuator studies
multilayer structures have been combined with flextensional moonie endcaps to yield high
displacement (50 p meter) compact structures. Electrically controlled shape memory has been
demonstrated in lead zirconate stannate titanate compositions, and used for controlling a simple
latching relay. Detailed study of fatigue in polarization switching compositions has
highlighted the important roles of electrodes, grain size, pore structures and microcracking and
demonstrated approaches to controlling these problems. For practical multilayer actuators a
useful lifetime prediction can be made from acoustic emission analysis.

New modelling of 2:2 and 1:3 type piezoceramic:polymer composites has given more
exact solutions for the stress distribution and good agreement with ultradilatometer
measurements of local deformations. Composites with 1:3 connectivity using thin wall ceramic
tubes appear to offer excellent hydrostatic sensitivity, unusual versatility for property control
and the possiblity to use field biased electrostrictors in high sensitivity configurations.
Processing approaches have continued to use reactive calcining and have supplied the group
wilh the wide range of ceramics used in these studies. For lead magnesium niobate:lead




ABSTRACT (continued)

titanate solid solutions grain sizc effects in samples of commerical purity have been traced to a
thin (~20 n meter) glassy layer at the grain boundary. In paraliel with the ONR URI the
laboratory has exiensive DARPA and Industry sponsored research on ferroelectric thin films, a
very short selection of most relevant papers has been included for the convenience of users.
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Paper presented at the 1st European Conf. on Smart Struciures and Materials, Glasgow 1992 i
Session (5)

Piezoelectric ceramics in smart actuators and systems

KENJI UCHINO

Materials Research Laboratory, The Pennsylvania State University
University Park, PA 16802-4801, USA

ABSTRACT: In these several years piezoelectric and electro-strictive actuators
have become very popular for micro-positioning in optical and precision
machinery fields. Aiming at wide commercialization of these actuators, many
investigations have been made in the improvement of ceramic materials for
actuators, designs of the devices and control and systemization of the
ac.uators. This paper reviews recent applications of piezoelectric/
electrostrictive ceramics from a viewpoint of “smart" actuators and systems.

1. INTRODUCTION

"Smartness" in the words of "smart" materials and structures is defined by
three functions of "sensing,” "“actuating," and "active control" of environmental
conditions with some intelligence. Dental braces made rom shape memory alloys and
electrochromic grass windows are often cited in the literatures as smart
materials. This paper reviews recent applications of piezoelectric/
electrostrictive and their related ceramics from a viewpoint of "smart" actuators
and systems.

2. ACTUATOR MATERIALS

A passively smart materials is exemplified by the lead magnesium mobate
{PMN) based ceramic, which can exhibit a large electrostriction (a1/1n1073
witnout any hysteresis and aging effect during an electric field cycle (Fig. 1).
A composite actuator structure called "moonie" has been developed t~» amplify the
small displacement induced in a multilayer piezoelectric device (Fig. 2). Passive
damper application is another smart usage of piezoelectrics, where mechanical
noise vibration is radically suppressed by the converted electric energy
dissipation through Jqule heat when a suitable resistance is connected to the
piezoelectric plate. Piezoelectric: carbon black: polymer composites are
promising useful designs for practical use.
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Figure 1 Electric field induced strain in a piezoelectric lgadvlanthanum
zirconate titanate (PLZT) (a); and in an electrostrictive lead
magnesium niobate(PMN) based ceramic (b).
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An  actlively smart material is exemplified by the video tape head positioner
made from a lead zirconate titanate (PFZT) bimorph with sensor and actuator-divided
electrodes.?

Monomorphs and shape moemory ceramics belong to very smart materaals. A
monomorph device made of a semiconductive piezoelectric plate generates the
Schottky barrier when metal electrodes are coated on the faces, providing non-
uniform distribution of the electric field even in a compositionally uniform
ceramic (Fig. 3). A superimposed effect of piezo-electricity and semiconductivity
leads to a bending deformation in a total ceramic plate.s The strains associated
with phase transitions such as an antiferroelectric-to-ferroelectric transition in
lead zirconate stanate-based ceramics reach up to 0.4%, which is much larger than
that expected in electrostrictors (Fig, 4). Moreover, this field-induced
transition exhibits a shape memory effect in appropriate compositions, and such
ceramics are useful for the applications to latching relay and a mechanaical
clamper.
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Figure 2 Structure of a composite

ELECTRIC FIELO (kV/cm)
actuator "moonie.,”

x=0.00,y=0.055

(b)
{o) é
tfetal  Monormorph Melal z
: -+
o
-;u <20 -0 0 220 30
ELECTRIC FIELD (kV/cm)
x=0.70,y=0.045
v

Figure 4 longitudinal induced strains of

2,
v 7 Pbg,99Nbg, 02 ({21, SNy - )1 -y Tiy )0 9803
7, . v&/ at room temperature.
© //<;&VTVVYYTY<<VW /422()

—

- o2 o} W2

Figure 3 Electron energy ba d {Schottky
barrier) models in monomorph
devices (n-type semiconductor).
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A photostrictive actuator is the best example of intelligent materials
including sensing, actuating and drive/control functions in a unique material.’
In certain ferroelectrics a phenomenon by which a constant electromotive force 1s
generated with exposure of light has been observed. A photostrictive effect 1S
expected as a result of the coupling of the photovoltaic and inverse piezoelectric
effects. A remote control miniature walking robot, which is activated with
illumination, is currently being fabricated (Fig. 5). Two photostrictive PLZT
bimorphs were combined together and each plate exhibits a minute photo-induced
displacement on the order of 150um, Alternative illumination causes a slow moving
of the ceramic device,

3. ACTUATOR SYSITMS

Pulse voltage drive of piezoelectric actuators 1s only one-way control
without a feedback system, but very important for improving the response of
ceramic actuators.S Figure 6 shows transient vibrations of a bimorph excited
after a pseudo-step voltage applied. The rise time is varied around the resonant
period. It is concluded that overshoot or ringing of the tip displacement is
completely suppressed when the rise time 1is precisely adjusted to the rescnance
period of the piezo-device.

A flight actuator consisting of a pulse-driven piezoelectric element and a
steel ball is a very suggestive mechanism, even if it would not be denoted as a
smart system. A 2mm steel ball can be hit up to 20mm by a 5um displacement
induced in a multilayer actuator with guick response.
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fosition Sensor
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Figure 8 Very smart actuator system with a reliability test function as well as
a position sensor.

A gmart system is typically exemplified by a precision lathe machine. A
micro displacement actuator has been manufactured using an electrostrictive
multilayer actuator, a magneto-resistive strain sensor and an adaptive control
circuitry (Fig, 7). The feedback control has suppressed the position deviation of
the cutting edge when pushing stress is produced during cutting process. The
cutting accuracy in less than #0.0lpm is now available,

A very smart system contains a reliability test system, which can stop an
actuator system safely without causing any serious damages on to the work, e.g. in
a lather machine. Acoustic emission measurement of a piezo-actuator under a
cyclic electric field is a good candidate for estimating the life time of the
actuators.

4. CONCLUSION

The bright future of piezoelectric/electrostrictive actuators has been
initiated and even greater commercial participation in their continued growth and
application is anticipated.
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Shape Memory Ceramics and
Their Application to Latching Relays

Atsushi Furuta, Ki-Young Oh and Kenji Uchino

Department of Physics, Sophia University,
7-1 Kioi-cho, Chiyoda-ku, Tokyo 102

(Received November 4, 1991; accepted February 19, 1992)

Key words: PNZST, antiferroelectrics, ferroelectrics, shape memory effect, unimorph, latching relay

Basic characteristics of shape memory unimorphs have been measured in detail,
and a new latching relay has been fabricated using the shape memory unimorph.
This new relay has a very simple structure with compact size and light weight, as
compared with the conventional electromagnetic type. The relay is turned ON at
350 V and wurned OFF at — 50 V with a short-pulse electric field. The response time
is about 13 ms under an input electric energy of 7 mJ. The relay can be kept in an
ON state for more than a day without applying any electric field.

1. Introduction

The shape memory effect is not only characteristic of certain metal alioys, but is
also observed in ceramics. Figure 1 shows the transverse strains induced in the
ceramic plates of PbgssNbooz[(ZrosSno.)s - ,Ti,JossOs (PNZST) under an applied
electric field."-¥ These strain curves can be classified into three patterns with chang-
ing Ti mole fraction.

The ceramic of Type I (¥ = 0.060) is originally antiferroelectric, but can be
changed to ferroelectric by applying an electric field, and large strains are generated
during the phase transition. It is worth noting that the magnitude of strain is three
to four times as large as that of the conventional piezoelectrics. When the electric
field is decreased, the phase of the ceramic is changed back to the initial antifer-
roelectric and the strain recovers. The square-type hysteresis of the strain curve is ap-
plicable to digital displacement transducers.
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Fig. 1. Transversely induced strains in the PbggNbg o3 [(Z154Sn04), - , Ti, Jo a0, ceramics at room tem-
perature: (a) y = 0.06, (b) y = 0.063, (c) y = 0.065.

In the case of Type Il (¥ = 0.063), once the ceramic changes from antiferroelec-
tric to ferroelectric, the phase is maintained even when the electric field goes down
to zero, and the deformation is memorized. To obtain the initial antiferroelectric
state, a small reverse bias field should be applied to the sample.

On the contrary, the ceramic of Type 111 (y = 0.065) cannot recover the antifer-
roelectric state during the electric field cycle after the ferroelectric phase is induced.
Thermal annealing up to 50°C is required to recover the initial state.

The strain characteristics of Type 11 and Type IlI] are denoted as the shape
memory effect. In particular, since the PNZST of Type 11 can be controlled easily by
appiying electric field, it is the most useful from a practical point of view. This kind
of shape memory ceramic requires only a pulse electric field to obtain a permanent
displacement, leading to electric energy savings as compared with conventional
piezoelectrics, which require continuous application of field.
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A latching relay, which will not change its original ON or OFF state without an
intentional electric signal even when an accidental electricity shutdown occurs, is
one of the best application candidates of the shape memory devices.

This paper describes trial manufacturing of a latching relay using shape memory
ceramics, following basic characteristics of a shape memory unimorph as the drive
source of the relay.

2. Sample Preparation and Experiments

The PNZST family ceramics of PbggNboe:{(Z106Snp.s): -, TilossOs were
prepared by the conventional sintering process. After mixing and drying the
reagent-grade Pb0, Nb,Os, ZrO,, SnO, and TiO. raw materials, the powders were
calcined at 850°C for 10 h and sintered at 1270°C for 2 h. The samples of 10 mm
diameter and 0.2 mim thickness were used for basic strain measurements after being
silver-electroded. The samples of 22 mm x 7 mm area and 0.2 mm thickness were
used for fabricating unimorphs. Figure 2 shows the structure of the unimorph,
which is composed of two ceramic plates, A and B, bonded together with adhesive.
Plate A is coated with silver electrode. When an electric field is applied to plate A,
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Fig. 2. Structure of a unimorph device.
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the expansive strain is induced only in plate A, not in plate B; then finally the
unimoiph generates bending motion.

For measuring induced strains in single-plate samples, a couiact-type strain
sensor (Millitron, No. 1202) was used. For the tip displacement of the unimorph, d
in Fig. 2, and load characteristics in the induced displacement, a noncontact-type
displacement sensor (Kaman, KD-2300) was used.

3. Results

3.1 Characteristics of the shape memory unimorph

Figure 3 shows induced strains of the single-plate-type samples of
PboseNby o {(ZrosSnoah - y TiyJosOs (¥ = 0.0625 — 0.0645). Some results have
been reported in ref. 4. The PNZST in the above composition range exhibits the
shape memory effect. Figure 4 shows the tip displacements of the unimorph. It is

£
\/

—36 0 10 20 260 035
Electric Field fkv/crn) Rectric Field (em)
q) y=0.062% d} y=0.0640
e
vy
26 10 10 20 STe11] 525
Electric Field fkv/cm) Electric Field (kVem)
b) y=0.063D e) y=0.0645
\‘éw
o 1
»
e 0 30
Electric Field (kV/em)

¢) y=0.0635

Fig. 3. Strain-vs-field characteristics in the single-plate-type samples of PNZST for various Ti mole
fractions.
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Fig. 4. Displacement-vs-field characteristics of the unimorphs of PNZST for various Ti mole fractions.

noteworthy that the sample with y = 0.0625, exhibiting the shape memory effect in
the single piate, does not exhibit the shape memory characteristic in the unimorph
design. Figure 5 shows the time dependence of the tip displacement of the uni-
morphs (y = 0.0625 and y = 0.0630). The recovery in the y = 0.0625 sample to the
antiferroelectric phase is probably attributable to compressive stress generated
during the bending process.

Figure 6 shows the temperature dependence of the unimorph bending measured
in y = 0.0630. At 0°C, once the ferroelectric phase is induced, the ceramic will not
recover antiferroelectricity under applied reverse bias electric field. On the other
hand, at 40°C the electric field required to cause the phase transition becomes great
and the unimorph loses the shape memory effect. To realize a complete shape
memory phenomenon, the temperature should be controlled between 10°C to 30°C
for this composition. A similar characteristic change is also observed when the Ti
mole fraction is changed from y = 0.060 to y = 0.065.

Figure 7 shows the dynamical response of the unimorph (y = 0.0630). In the
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Fig. 5. Time dependence of the tip displacement change in the unimorphs.

case of the conventional piezoelectric, a continuous application of the electric field
is required to maintain a constant displacement; meanwhile, the shape memory
ceramic can be driven by a pulse electric field. When the unimorph is driven by a
triangular pulse with a rise time of 3.0 ms (Fig. 7(a)), overshoots and ringing of the
tip displacement are observed. It is important to note that the phase transition arises
quickly enough to generate the following resonant vibration. When the rise time of
the electric field is adjusted to 4.7 ms (Fig. 7(b)), which is the sum of the mechanical
resonant period (2.2 ms) and the lag time, to cause phase transition (2.5 ms), the
ringing can be suppressed completely. Too slow a rise time of 6.0 ms (Fig. 7(c))
again causes the ringing vibrations. Overshoots and ringing of the unimorph ele-
ment would cause chattering in the latching relay and the response would become
very slow. Therefore, an electric field with the rise time corresponding to the
mechanical resonant period is required.

To operate the mechanical snap-action switch element, at least 20 gf of the
generative force is necessary for the unimorph as well as 50 um of the displacement.
The relationship between the tip displacement and the load for the unimorph was
measured using metal weights applied to the tip position (Fig. 8). Generative force
of more than 50 gf can be practically induced both at the maximum and zero field.
The magnitude of the maximum generative force of the shape memory unimorph,
which is estimated from the intercept on the horizontal axis, is about 90 gf, which is




ST ”'"/ R

<7
WAR

D \ \/, .
N

L1 1 i L 1 1 i 1 | [ 1
~30 -20 ~)u 0 10 20 30 -3¢ -20 -1 G 4G 20 30

Electric Field (kV/ca)

Fig. 6. Temperature dependence of the tip displacement in the unimorph with » = 0.063.

twice as large as that of the conventional piezoelectric bimorph. This is probably
due to the strain bias caused by the spontaneous strain change from the antifer-
roelectric to the ferroelectric phase.

3.2 Charucteristics of the latching relay

We have fabricated a new latching relay using the shape memory unimorph.
Figure 9 shows the structure of the latching relay, which is composed essent ally of a
mechanical snap-action switch and a driving unimorph device. The snap-action
switch is easily driven by a 50 um displacement, having mechanically bistable states.
The size of the relay is very compact, 20 x 10 x 10 mm’, as compared to a conven-
tional electromagnetic type (20 x 26 %X 34 mm’). Figure 10 shows the basic
ON/OFF function of the new relay. The relay is turned ON at about 350V and
turned OFF at —50 V. The voltage required for switching can be lowered by using
multimorph structures. Dynamical response of the newly developed latching relay is
shown in Fig. 11(a). The response of the conventional electromagnetic latching
relay is also shown in Fig. 11(b) for comparison with the new relay. A pulse electric
field with the mechanical resonant period of the shape memory unimorph is applied
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Fig. 7. Dynamical response of the tip displacement of the shape memory unimorph with » = 0.061
under various drive pulse conditions.

50 as to suppress the ringing at the tip of the unimorph. Chattering was still ob-
served, probably due to an additional mechanical soft leaf spring at the snap-action
switch. The rise time of the new relay is 1.8 ms, which is much shorter than that of
the electromagnetic relay (8.5 ms), although the former needs 13 ms to stabilize the
ON state, which is slightly longer than the 9 ms of the latter relay; this suggests a
potential capability of much faster response if the whole mechanical setup were ad-
justed to optimize conditions. The newly developed latching relay can be kept in the
ON state for more than a day without applying any electric power. The drive power
required to tura it ON is about 7 mJ. This energy requirement can be reduced by col-
lecting electric energy in the discharging process. A camera strobe makes a suitable
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Fig. 9. Structure of the latching relay using the shape memory ceramic.

high-voltage supply for driving the relay, because the relay can be switched only by
a2 short-pulse field of several ms.

4. Conclusions

a) Shape memory ceramic unimorphs hzve been fabricated as actuator elements.
The unimorph shape memory effect can be observed at room temperature
for the samples with Ti mole fraction y = 0.0630 to y = 0.0645 in the
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Fig. 11. Dynamical response of the laiching relays: (a) shape memory ceramic type, (b) electromagnetic
coil type.

Pbogngo,ozi(Zl’o,gSﬂo 4)| - ,Ti,]o 9303 family.

b) Mechanical vibration overshoots and ringings at the tip of the unimorph can be
completely suppressed by applying an electric field with rise time equal to the sum of
the mechanical resonant period and the lag time to cause the phase transition.
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¢) A compact, lightweight latching relay using a shape memory ceramic (y =
0.063) has been fabricated and found to have a quick response compared with the
conventional electromagnetic type. The relay is driven simply by applying pulse elec-
tric field, and is maintained in the ON state without application of any electric field;
this reduces the electric power requirement significantly.
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Destruction Mechanism of Multilayer Ceramic Actuators
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Destruction mechanism in multilayer ceramic actuators has been
investigated under cyclic clectric fields. Crack propagation has been
observed dynamically using CCD microscopy, and the accompanying
characteristics of the induced displacement and acoustic emission were
measured simultancously. The piczoclectric 'bIN#y 3 Nba/3) O3 -
PbTiO3 and the phase-transition-related actuator material
(antiferroelectric) P’bZrO3 - PbSnO; - PBTIO; oxhibit a remarkable
difference in the destruction manner probably due to the strain
induction mechanism. The effect of tayer thickness on the destruction
process has also been studied.

ntroduclio

In these several ycars piezoclectric/clectrostrictive ceramic
actuators have become very popular for micro-positioning in optical
and precision machinery fields and active vibration suppruession in
mechanical structures.’ The expanding number of applications of
ceramic actuators has made the endurance of the devices very
important.

This paper describes the destruction mechanism of mullifayer-
type ceramic actuators obscrved by optical microscopy, induced
displacement and acoustic emission measurements, and proposes a
safety system which can stop the actuator before its troublesome sudden
complete collapse.

imen

Muttilayer model actuators were prepared by tape casting
method. The samples simulating the interdigital clectrode
configuration [Fig. 1{a}] used in this expetiment have only one internal
ceramic layer with a thickness of 100 gy, 200 jun or 36 gm, as shown i
Fig. 1(b).

The piczoclectric Ph(Niq/3Nb2/3)06 Tin 403 (PNNT) and the
phase-transition-related actuator matcrial  Pbp 9oNbao u2
{(Zrp 75n0.3)0 955Ti0.04510,9803 (PNZST) were prepared. and the
average grain size of the device was roughly the same (<5 pm),
maependent of the composition and the layer thickness. The PNZST is
initially antifcrroelectric, but changes into ferroclectric under an
applied electric field.2  Rather isotropic cxpansive strains are
associated with this phase transition, and the magnitude of the strain
(~15 x 10-3) is twice larger than that of the piczoclectric PNNT. The
longitudinally and transversely induced strains in the piczoclectric
PNNT are 0.8 x 102 and -0.3 x 10-3, respuctively, with opposite sign 3

Note that the multilayer model actuator used in this experiment
exhibits an exaggeratedly large internal siress concentrated around the
electrode edge so as 10 accelerate the failure of multilayer acivators.

Figure 2 show the measuring system composed of a CCD
microscope (Toshiba, IK-C40), a displacement sensor (Miltitron, Nr.
1301) and an acoustic emission sensor (NF Circuit Design Block, AE-
905). The sample was driven by a triangular clectric field of Eqpax = 2-
4kV/mmat 0.1 Hz

C113080-0-7803-0465-992383.00 ©IELE

Resulys

Crack Propapatien: Crack generanoen and propagation resulting
from the internal steess was obaerved and recorded dynamiucally using s
CCD microscope and a VOR - Bigores 3a) and 3t show typical crack
propagatian processes observed tor the PNNT and PN2ZST samples
(200 pm m layer thickness). The crack initates at the internal
vlectrode edge i 0 PNNT sample and propagates o another
clectrode obluquely, also ontward of the electrode and alony the
ceramic-metal cleddrode interface. On the contrary, the crack starts
between the patr clectrades shghtly inside the clectrode edge in the
PNZST, then propagates along the center area, finally branching
around the clectrude wige. 1t s noteworthy that the crack opens wide

-under the electric fickd and closes at 2cro liclkd.
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This difference is probably duc to the diticrence in internal stress
distzibution.  The sign of the loagindinally - or transversely-induced
strain is opposile in the piczociectrics, while in antiferroelectrics
undergoing a phase chanyge, rather isotropic expansive strains are
induced in both dircctions  Therefore, the internal stress distribution in
antifereoelectrics differs from that of piczoclectrics.

Similar crack propagation processes were vbserved in the
different layer-thuickness samples, huwever, sigmificant differences
were recagnized in the fracture toughness. Pigures 4la) and 4(b) plot the
layer thickness dependence of the critical deformation cycles required
for the initial crack generation and of the crack propagation speed per
drive cycle (measured in 'NZST). A dramatic improvement in the
fracture toughness is obained in the thinner layer samiple, even though
the driving electric ficld is the same of aly samples. The reason is not
clear, but it may be related to the ratio betwern the graim size and the
layer thickness.

Displacement Changee during Failuge: The destruction of the
device brings a change in the induced displacement. Figures 5(2) and
5(b) show the variation of the induced displacement during the crack
propagation process tor the model actuators of PNNT and PNZST,
respectively, with a layer thickness of 200 pmv. The displacemunt 1s
enbanced remarkably at the initial slage, this can probably be
aftributed to the bending deformation associated with the crack
opening and closing process. Further increase in the number of
deformation cycles leads to a decrease in the magnitude of the
displacement.  The cfective dlectrie field in the ceramics decreases
because the narrow air gap is associated with complete crack
formation.

Yariation of_Acoustic Emission:  Acoustic emission (AE) events
were counted during the destruction process of the PNZST sampie with
a layer thickness of 200 mm {Fig 6). The AE count increases remarkably
after the crack initiation, reaching a maxinwm at 60 cycles, where the
crack propagation speed is maximum, and the largest displacement is
observed.  Later, the AE count leveled off after the crack was
completed.
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Fig. 2 Mcasuring system for the crack propagation experiments.
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Fig. 3 Crack gencration and propagation process in the multilayer model actuator,
(a) Miczoclectric PNNT, and (b) antiferrocloctric PNZST.
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The AE count chanpe was also monitored for a 200-layers sample
of PNNT (10 x 10 x 20 mm?) with aging time 4 An accelerated aging Lost
was performed by a rapid-heat treatment up to 100°C in a second.
Figure 7 shows that the AE count increases by three orders of magnitude
at the final failure of the device in comparison with the virgin siate.
The monotunous increase of AE may be atiributed to successive
accumulation of cracks generated in the actuator device.

s { Discussi

The crack gencration and propagation in mulbilayer ceramnic
actuators was observed dynamically during cyclical electric ficlds. In
prezociectrics, the crack initiated near the edge of the internal
clectrode and propagated basically in three directions:  two cracks
moved toward the outside electrostrictively inactive region forming sn
anple of 100° with cach other, while the third moved aslong the
ceramic-clectrode interface.  This behavior_can be explained
theoretically based on finile clement calcutations.

On the contrary, in antiferroclectrics, the crack begins shightly
insube the edge of the internal clectrode and prapagates along the
center arca between the pair clectrodes.  Later crack branches are
generated around the clectrode odge. Theoretical calculabions are now
in progress.

In bath cases the apparent displacement becomes slightly larger
than that of the virgin state, and the AE count increases drastically
associated with the crack propagation.

Finally we propuse a very smart actuator system containing 2
safety feedback function (Fig. 8), which can stop an actuator drive
safely without causing any serinus damages on to the work, eg. in a
precision lathe machine. The AF might be one of good predictors for
actuator failure. A certain level of the AE count will indicate a timing
to replace the cerarnic actuator.
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ELECTRIC FATIGUE INTTIATED BY SURFACE CONTAMINATION IN HIGH
POLARIZATION CERAMICS

Qivue Jiang, Wenwu Cao and L. E. Cross
Matenals Research Lsborutory
The Pennsylvania State University
University Purk, PA 16802

ABSIRACT

Recently electric fatigue phenomenon in high polarization cermics
has attracted more and more attention because ol the development of
high strain actuators and ferroelectric memuny devices. We report a
study on fatigue behaviors of hot pressed PLZT with composition
7/68/32 under different surface conditions. 1t is found that the fatigue
occuncd ata few thousand of cycles i mainty ciorsed by
contaminated surfice insteid o mtrinsic strucine deterioaion., Bor
the same gold clectades, siples with convenuonally cleaned snface
showed significant fatigue within 105 switching cveles while samples
with surfaces cleaned by an improved provedie did sot fatgue even
after JOR switching cycles. The mechanism of tatigue imtoduced by
surface contamination is explained by interface degadation between
ceramic and electiode.

INTRODUC FION

Many applications of high polintzaton conies, such as high
steain actuators and ferroelecttic memiony desices, imvolve repeated
reversals of the polarization. One critical it on the
pedomuances of these devices is the Ltigue associaed withepeated
clectrical cycling.

in 1953, McQuarrie H st ieporned the tine dependence of the
P-E hysteresis loop in a BaTiOvcermic. He tound that after several
weeks of switching at 6} Lz, the squate shaped hysicresss loop was
changed to a distinet popelier shape wits some obvious deerease in
both the maximmm polanization and the renmant pobarization. Merz
and Anderson 121 studied fatigue behavior in a single BaTiOg ceystal,
a gradual reduction of polarization ilter a tew million switching cycles
was observed and the fatigue behavior was related 1o the patierns of
the clectric ficld (sine wave or pulse tain wave). The ambient
atmosphere wis also reported 1o affeet on the switching stability of
BaliOy single crystal LA moe detiled sty of fatipne was carried
out by Stewart and Cosentino on La or Bi doped PZT ceramices M,
they chowed that the polartzation decseased sapidly and was reduced
to half of its criginal value afier S<109% switching cycles. They
concluded that the patierns of clecuic ticld, the types of clectodes,
and the ambicut conditions had no signiticant etieets on the fitigoe
behavior. Fraser and Maldonado U also stubied the same La doped
P71 ceramics and repotied significant etfecis ol the electrodes. They
found that when indivum was used as clecoode nxtesial instead of pold
or sitver, there was still 85% of the originat remmant polarization left
afier 109 switching cycles, bt Enigoe ocvoned much fasier when
using lead. alwminum, galliun, silver and gold as electrode maerial.
Carl 161 observed significant degradation in the La or Mo doped
PhTiO3 ceramics, afier unly a few thousand switching cycles the
potarization dropped to 30% of its original vafue wpether with some
increase of the coercive field, and soine cracks were also observed on
the surfaces of the samples under SEM,

Despite the fact that the fatigue effect is the major factor which
prevents some potential applicarions of Teproclectrics, only a limited
number of papers have heen published on this subject. In addition,
these published results by different investigions e often in
contradiction, and there are no sutisfactory explamations for these
discicpancies. Therefore a systenumtic study on this subject is needed
in order to undeistand the origin and mechinisin of Tatigue behavior.
We report here the first part of an extensive sindy of the fatigue
behavior on La doped lead zirconaie timnstetlt 7.0 ceramic system.
The reason for choosing PLZT cermmic systens is because its
relatively low coercive field, brge polarization amd square shaped
hysteresis loop. Moreover, hot pressed PLZT ccrmics are
transparent, therefore have potestial applications in non-volatile
memory, electro-optical, and elctrostictive devices. In this paper, the
focus will be on the effect of surface contamination on the fatigue
behavior. We believe that different siface conditions was one of the

CH3080-0-7803-0465-94233.00 ©IEE

main reasons for the inconsistencies of those reponed experimental
results.

SXPERIMENT PROCEDURE

Lanthanum doped lead zirconate titinate cenunic specimens
were fubricated from mixed oxides by hot pressing technique. The
compasition used in this study is Pby gzl 07(Zro.e8Tio 32)0.982503
Conventionally, this formula is simplified to a form 7/68/32 according
to the mole ratio of LayZi/Ti. The average gram size is about Sum. Ar
toom temperature 7/68/32 is in rhombohedral phase. Samples were
first cut into platelets with the areas of about 10 umn? and thicknesses
in the range of 150-3001tm, then annealed at 600 ©C for | hour 10
release the mechanical stress generated during cutting and grinding
processes.

In conventional cleaning procedure, orgunic solvents (alcohol or
acetone) were used 1o rinse the simnples and then the samples were
dried in air at room tetperature. An improved cleaing method used
in our experiments is described as follows: fust the samples are
cleaned by conventional proceduie, then they are fusther cleaned
ultrasonically in solvent, and finally the samples we heated ina
furnace for 1 hour at 500-6000°C. Gold electrodes were sputiered onto
the sample surfaces.

The propesties studied here are the remnant polarization Py, the
muaximum polarization Py, coercive fietd B, and the dielectric
constant in depoled state. High voltage sine wave AC field was used
10 switch the polarization, and the hysteresis loops were measured
though a conventional Sawyer-Tower circuit and a Nicolet 214 digital
oscilloscope.

in P17

Fig.1 shows a typical result ubtained at 10 Hz from a specimen
cleaned by conventional procedure. One can see that the fatigue
started at about 103 switching cycies, and proceeded very rapidiy
between 105 -100 cycles. The polarization Py dropped to a value
below 30% of the initial values alter 100 switching cycles. The
changes of the saturated polarization which was not show herc have
similar behavior as that of the remmant polarization Py, Fig. 2(a) and
2(b) are typical hysteresis loops before and after the fatigue test. The
coercive Neld E also increased with switching cycles. We found that
the polarization decrease is always accompunied by the increase of the
cocrcive ficld E¢, which is consistent with the results obtained by
other rescarchers 1415171 Measurements made at the frequencies of
100 11z and 200 1z did not show apparent difference.

Fatigue it ;imens Clean wproved Pr I

Fig.3 shows the changes of the polarization and coercive field
with switching cycles for samples cleaned by improved procedute.
The experiment was carried out at a frequency of 100 Hz. No fatigue
was observed even after 108 switching cycles. We can see this more
clearly from the two hysteresis toops m Fig.4, which were recorded
at 103 and 2x 108 swilching cycles, respectively. We can conclude
from these experimental results that the fatigue shown in Fig | is

urely extrinsic, i.e., caused by dirty surfaces. The uctual lifetime of
PLZT 7/68/32 ceramics with average grain size 5 jun is much longer
than that shown in Fig.1. For improperly cleuned samples, the
oarganic contaminants arc trapped at the ceramic-¢lectrode interfaces.
During switching, a large electric ficld(15-40 kv/em) was '
continuously applied on the sample, the trapped comawanates will
cause large field concentrations resulting a failure of the clectrode
bonding.
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Fig.2 Typical hysteresis loops at 103 (a) and 3x106 (b)
swilching cycles for a conventionally cleaned PLZT
7/68/32 sample at a frequency of 10 He.

Although these experimental results miy not be used as i proof
todiscredit the validity of other previous explanitions on Fatigue in
terms of internal domain behavior, we can at least conclude that the
fatigue in fine grain hot pressed PLZT 7/68/32 is caused by the
improper ceramic-electrode imerface, may be eliminited through an
improved cleaning procedure described above. This finding is
encouraging for many prospective applicaions of fermclectrics.

njg-Elegtre

s Interlace under High AC

In fatigue experiments the possible sources of contiminants are:
abrasive residue from grinding process; residue of solvents(water,
aicohol or acetone); water in the air; residue of the bonding glue from
cutting process; skin grease from finger touch. Withowy further
cleaning these contaminants are left on the surfaces of specimens, and
being sandwiched between the simple surface and the electrode,
producing a poor interface contact. The effects of solvents and skin
grease were further examined in the following experiments. First, the
samples were etched by HPO4 acid 10 remove the abrasive residues
and skin grease, then the following surface treannents were given 1o
three different samples:

a) sample | was washed by water and acerone, then rubbed both
surfaces by fingers;

b) sample 2 was washed by water and acetone, then let it dry in
the air,

¢) sample 3 was washed by witer and acetone, then heat treated
in a furnace at 500 9C for | hour {free from contamination),

Fig.5 shows the results from the fatigue tests on these simples
using a 100 Hz sine wave AC field. The remnant polarization of
sample 3 did not decrease at all atier 108 swit hing cycles, only Eo
increased slightly. The P, of swanple 2 fatigued 10 5% of its il
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Fig.3 The nonnalized polanization and cocrcive
field as functions of the switching cycies for a
speciuen cleaned by the inproved procedure.
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Fig.d Typical hysteresis loops of a sample cleaned by
improved procedure at a frequency of 100 Hz. (W)
at 103 switching cycles, and thy ay 2# 108 cycles.

value after 108 switching cycles and E¢ increased abowt 18%. Sample
1 was the worst mmong the thiee simples, its P reduced 10 30% of
the initial value, and Vg increased 30% abter only 2xHP cycles. Since
the three smnples only dufier in surfuce teeatinents, these discrepancies
tn fatigue results cun only be explained i of the ditferent degree
of surface contumination.

Although the expernments clewly indicate thiat the Gitigue is
initialized i the imertace between the surtace and clecuode. The
reactions of orgnic contaminants voder high AC tield it the wterface
are very complicaied. A Tew possabile explanations tor whast nugis
have happencd at the itertace e I T clecua iomical reacuon,
such as ionization of contatuanty, reduction of e chenacal
composition near the sample swtiace, 2) catum, lgh voliage can
tonize water and orgames, casing panial discharge which leads wa
time related continious degradation of the diclectric propeny; 3)
contact deterioration eltect, resdue of solvents i sk grease
prohibit a direct contact of the metad electrode with the sample surface,
resuiing a poor contact When i poor contact occms, 3t lange field is
applicd to the conummsiant kiyee which has oncly simalbier diclectsic
constant than the sample, s clecuodhemical reaction, resulting
in a parttad Lalare o the conaa

The electrexde surtace of o tatgued sample (which was cleancd
by conventional method )y wis exinmmed sder SEMud many
regions weie found where the electade s been sepaasted toom the
cenmic s shown an big 6. We believe hom our expenmentat
observations that the explanation 3) abuove miay be the ost
appropriate o,

B. The nature of the fatigue by surfage contiumingtion

In order 1o find the natare and degiee of damage produced
during fatigue, diftesent hear neannents were given wa Ligued
samnple. Table § hated the remnant pofisnizanon Ppand the coercive
field Ee measured abter the Gatipned samiple went throuph i hent
treamient at 300 .0C 1o 3 hours. Only partial tecovery of 1 was
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Fig.5 The nonmnalized remnant polanzation (a) and coercive field (b)
as functions of switching cycles. Sumple 1 was contaminated

by solvent and skin grease: sunple 2 was contaminated by
solvent; sample 3 was cleaned by the improved procedure.

Table 4.1 Comgparison of the remant polanization (1)) and the
coercive field (Fe) for a PEZT /08732 samiple
under different ncatients

P (pefem?) Fe (kv/em)

Before fatigue 27.0 5.0
After fatigue 60 6.8
Afier 3000C heating tu.2 104
After 600 °C heating 224 7.3
Alter remuoval of 30pm 225 7.2

achieved and E¢ became even larger. The sample then experienced
further heat treatment at 600 °C for 1 hour, further improvements
were observed as shown in Table 1. However, the Py and E¢ siill
could not recover to their initial vidues, which means that pant of the
damage in the fatigued sample is pennanent. tn order to investigate
the depth of the damage from surface initiuted fatigue, the simple was
then ground off a 15 pm thick layer from cach surface and re-
electroded. The measured results (table 1) show no further
improvement, which indicates that the dinuage has propagited to the
interior of the sample.

Previously, fatigue in ferroclectrics was explained as due 10 the
stabilization of domain walls [HI4810L Fyiigue caused by domain
pinning usually can be recovered by heating the samples to
paraclectric phase!4)10). In our experiments, ttal recovery did not
occur even after the fatigued sample has been hewed to as high as 600
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Fig.6 SEM photograph taken fron: the elecroded
surface of a fatigued sample.

C which is 470 °C higher than the dielcctric maximuni temperaure,
‘Therefore, the fatigue we have observed could not be due to the
domain wall pinning, instead, we believe that the intergranular
microcracking is respansible for the non-recoverable fatigue ininated
by surface contamination, Scanning Electron Microscopy was
performed on a fatigued sample(Fig.7 a) and non-fatigued
sample(Fig.7 1) with ground surfaces. The samples were etched
using 111104 acid to remove gold electrodes. On the micrographs in
Fig.7, we can see some of the grinding dam. pes and etch-pits for the
non-fatigued sampte, while fur the fatigued sazaple we see a lot of
grains withowt grinding damages and etch-pits. This micans that a
whole layer over these griting wis pulled owt during etching, which
indicates that the bonding between grains was weakened during
fatigue test. In addition, some cracks around grain boundaries are
clearly visible. but no large cracks were observed either on the
surfaces or on the cross section of the Ligued sample.

Fig B is an optical micropraph which was tiken from a fanigued
sample after the electrode being carclully removed. Many regions in
the original tansparent sample become opague, which indicaies that
the nonuniform damage in the Eaigoed sconple. This nos-unifonn
damage is due to the partial faitue of the electiode caused by the
trapped cottaminales.

MMARY AND CON |

A systematic study has been ciried out on the influence of
surface conditions on the fuigoe bekavior of hot pressed PLZT
7/68/32 ceramics with an average grain size of Spon It is found that
the observed fatigue which occurred within 105 switching cycles is
actually caused by surface contamination. These surface contaminates
cituse deterioration of the contact between the lerroelectric ceramic and
the electrode, resulting an inhomogeneous field distribution in the
ennnienen Microcrickings are generated it the grain boundaries due to
high elcctric field concentration. As it resuly, the applied field then will
be coneentrated across those ctacks purallel to the electrode, which
effectively raise the coercive ficld and lower the polarization. The
conventional cleaning methad is proved to be inappropriae for
specimens used under high AC ficld. This surfuce contamination
initiated fatigue can be eliminated though an improved surface
clcaning procedure. Our results show that the ferroclectric propertics
of PLZT 7/68/32, such as the polarization and the coercive field, can
be preserved for more than 108 switching cycles if the surfuce
contaminates arc removed.,

Conrary to some reponed resuits 1411C). We found that part of
the fatigue damages are pennancent and are throughout the entire
sample. ‘The fatigued properties i .¢., the reduced polarization and the
increased coercive field can be partially recovered though heat
wreatment, however, a complete recovery is not possible.

1t should be pointed out that the resulis obtained here are
applicable only for small grain ceramics, the futigue mechanism in

large grain systems is different 1111,

109




Fig.7 SEM photograph taken from a non-futigued sample
(a) and fatigued sample (b) after chemical ewhing.

50 pim
— I

Fig.8 Transmission optical micrograph taken from
a futigued sample. .-
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ELECTRIC FATIGUE IN PLZT CERAMICS

Qiyue Jiang, Wenwu Cao and L.E. Cross
Matenials Research Laboratory

The Pennsylvania State University

ABSTRACT

Electric fatigue is a major obstacle for some potential applications of ferroelectric
materials based on the reversals of spontaneous polarization, such as memory devices and
high strain actuators. Our studies on fine grained hot pressed lead zirconate titanate with
lanthanum dopant (PLZT 7/68/32 ) show that fast fatigue is actually caused by
contaminated surfaces instead of intrinsic structure deterioration or the change of domain
states. All the specimens with conventionally cleaned surfaces show significant fatigue after
105 switching cycles, but specimens cleaned with a new cleaning procedure did not fatisue
even after more than 108 switching cycles. This type of fatigue is found to be due to

generated microcracking at the ceramic-electrode interface.

Key words: Fatigue, Ferroelectric, PLZT, Domain switching, Microcracking.
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1. INTRODUCTION

Many applications of ferroelectric materials, such as some piezoelectric, electro-
optical and electrostrictive devices, involve repeated reversals of polarization. One critical
limitation on the performance of these devices is fatigue associated with repeated electrical H
cycling. Fatigue in ferroelectrics mainly refers to the degradation of ferroelectric properties
upon repeated reversals of polarization, which appears in the hysteresis loop in the form of
a decrease in remnant polarization (P) or saturated polarization (Py,) and is often
accompanied by an increase of the coercive field (Ec).

In 1953, Mcquarrielll first reported the time dependence of the P-E hysteresis loop in

a BaTiO3 ceramic. He found that after several weeks of switching at 60 Hz, the square
shaped hysteresis loop was changed to a distinct propeller shape with a noticeable decrease
in both the maximum polarization and the remnant polarization. Merz and Anderson!(2]
studied fatigue behavior in a BaTiOs single crystal. A gradual reduction of the polarization
after a few million switching cycles was observed and the fatigue behavior was related to
the wave patterns of the electric field (sine wave or pulse train wave). The ambient
atmosphere was also reported to have an effect on the switching stability of BaTiO3 single
crystal.[3] A loss of squareness of the hysteresis loop was observed when the crystal was
switched in vacuum, N3, Ha, or He gases. However, the deteriorated hysteresis loop
could restore its original shape under AC cycling in Oy, or in dry air.

Fatigue experiments were also carried out on other ferroelectrics in the 1960's.
Taylor{4] studied fatigue phenomena in 24 compositions of niobium-doped
Pb(Zr,Sn,Ti)O3 ceramics and discovered that the fatigue rate depended on the composition.
Contrary to ref. 2, he found little difference in fatigue behavior when the AC electric field
pattern was changed from a sine wave to a pulse train wave. A more detailed study of

fatigue in La or Bi Joped PZT ceramics was carried out by Stewart and Cosentino.{3) They

showed that the polarization decreaszd rapidly, the remrant polarization was reduced to

half of its original value after 5x 106 switching cycles. They concluded that the patterns of




electric field, the types of electrodes, and the ambient conditions had no significant effects
on the fatigue behavior. Stewart and Cosentinol3] also reported an interesting result: when
a fatigued sample was heated above the paraelectric-ferroelectric phase transition
temperature Tc, the properties could be restored. Contrary to Stewart and Cosentino,
Fraser and Maldonadol6] also studied the same La doped PZT ceramics and reported
significant effects of electrodes. They found that when indium was used as the electrode
material instead of gold or silver, there was still 85% of the original remnant polarization
left after 109 switching cycles, but fatigue occurred much faster when using lead,
aluminum, gallium, silver and gold as electrode materials. Carll7] observed significant
degradation in the La or Mn doped PbTiO3 ceramics, after only a few thousand switching
cycles the polarization dropped to 30% of its original value together with some increase of
the coercive field, and some cracks were also observed under SEM on surfaces of the
samples.

Aithough the fatigue phenomena in ferroelectrics have been studied for over thirty
years, its origin is still not clear. Some possible causes of fatigue under high AC field are:
(1) the gradual reorientation of domains into a more stable, i.e. minimum energy
configuration; (1] (8] (2) injection of charge carriers into the ferroelectrics which provide
pinning for domain wall movement;(9] (3) structural inhomogeneity which produces traps
for domain walls, reducing domain wall mobility;{10] (4) the appearance of microcracking
caused by the large change of strain during switching.[7][11]

Despite the fact that fatigue effect is the key factor which prevents some potential
applications of ferroelectrics, very few conclusive results have been published. In addition,
those published results by different investigators are often in contradiction, and there are no
explanations for these discrepancies. Therefore, a systematic study on this subject is
needed in order to understand the origin and mechanism of fatigue behavior. We report
here an extensive study of the fatigue behavior of La doped lead zirconate titanate(PLZT)

ceramic system. The reason for choosing PLZT ceramic system is because of its relatively




low coercive field, large polarization and square shaped hysteresis loop. Moreover, hot
pressed PLZT ceramics are transparent and are almost pore free, which can eliminate the
structural complications in a regular ceramic, leading to some understanding on the
fundamental aspects of fatigue. In this paper, the focus will be on the effect of surface
contamination on the fatigue behavior. Inconsistencies reported in somne previously

experimental studies can be explained in terms of different surface conditions.

II. EXPERIMENT PROCEDURES

Lanthanum doped lead zirconate titanate ceramic specimens were fabricated from
mixed oxides by hot pressing. The composition used in this study is
Pbo.93L.ag,07(Zrg.68Ti0.32)0.982503. Conventionally, this formula is simplified to a form
7/68/32 according to the mole ratio of La/Zr/Ti. The average grain size was about 5pim. At
room temperature 7/68/32 is in rhombohedral phase. Samples were first cut into platelets
with the areas of about 10 mm? and thicknesses in the range of 150-300um, then annealed
at 600 °C for 2 hours to release the mechanical stress generated during cutting, grinding
and polishing processes.

Three different surface conditions were prepared: a) ground by 3pum abrasive, b)
polished by 1um diamond paste, c) etched in H3PO4 acid for 2 minutes at 140°C. In the
conventional cleaning procedure, organic solvents (alcohol or acetone) were used to rinse
the samples and then the samples were dried in air at room temperature. An improved
cleaning method used in our experiments is described as follows: first the samples were
cleaned by conventional procedure, then th- -7 were further cleaned ultrasonically in alcohol
solvent, and finally the samples were heated in a furnace for 1 hour at 500-600 °C to burn
off the organic solvent. Gold electrodes were sputtered onto the sample surfaces.

The properties studied here are the remnant polarization Py, the maximum polarization

Py, coercive field Ec, and the dielectric constant € of depoled state. High voltage sine wave

AC field was used to switch the polarization, and the hysteresis loops were measured




through a conventional Sawyer-Tower circuit and a Nicolet 214 digital oscilloscope. The
temperature dependence of dielectric constant was measured by Hewlett Pacakard 4274A
LRC meter, and the temperature was measured using a Fluke 8502A digital multimeter.

The heating rate was set at 3 °C/min.

II. RESULTS AND DISCUSSION
3.1 Fatigue in PLZT Specimens Cleaned by Conventional Procedure.

In order to compare the results from different specimens and to emphasize the
changes of the measured properties, relative polarization and coercive field are used in this
paper, they represent the percentages of the pola:ization and coercive field with respect to
the initial polarization and coercive field obtained at 102 or 103 switching cycles. Fig.1
shows the typical results obtained from specimen cleaned by conventional procedure. One
can see that fatigue started at about 103 switching cycles, and proceeded very rapidly
between 105 -100 cycles. The remnant polarization Py dropped to 30% of the initial values
after 106 switching cycles. The changes of the saturated polarizations, which are not shown
here, exhibit a similar behavior as the remnant polarization P;. Fig.2 shows typical
hysteresis loops before and after the fatigue test, observed from a sample with ground
surfaces. The coercive fields E¢ also increased with switching cycles. There is a direct
correlation between the changes of E¢ and Py, i.e., while the polarization decreases, the
coercive field E¢ increases, which is consistent with the results obtained by other
researchers.[4](6]{11] We found that the ground sample fatigued earlier and faster than the
samples with polished and etched surfaces. The same experiments were also carried out

.using sine wave field at other frequencies, no appareni changes were observed for
frequencies less than 600 Hz. Curves (a) and (e) in Fig.3 are the weak field dielectric
constant as a function of temperature for a sample with polished surfaces before and after

the fatigue test respectively. One can see a substantial decrease of the dielectric constant in




the fatigued sample. Samples with the other two types of surfaces exhibit similar results

which are not shown here.

3.2 Fatigue in PLZT Specimens Cleaned by Improved Procedure.

Fig.4 shows the changes in the polarization and coercive field with switching cycles
for samples cleaned by improved procedure described in Section II. The experiments were
carried out at a frequency of 100 Hz. Samples with all the three types of surfaces did not
show fatigue even after 108 switching cycles. We found that the hysteresis loops recorded
at 103 and 2 x108 switching cycles are almost identical. These experimental results tell us
that the fatigue shown in Fig.1 is purely extrinsic, i.e., resulted from improper cleaning
method. The actual lifetime of PLZT 7/68/32 ceramics with grain size of 5 um is much

longer than that shown in Fig.1 and are not affected by the surface roughness.

3.3 Fatigue Originated from Surface Contamination.

In fatigue experiments the possible sources of contaminants are: abrasive residue
from grinding process; residue of solvents(water, alcohol or acetone); water in the air;
residue of the bonding glue; skin grease from finger touch. Without further cleaning these
residues are left on the surfaces of specimens, being sandwiched between the sample
surface and the electrode, producing a poor interface contact. The effects of solven:s and
skin grease were further examined in the following experiments. First, the samples were
etched by H3PO4 acid to remove a thin layer from the surface which might contain abrasive
residue and skin grease. Then the following surface treatments were given to three different
samples:

a) sample 1 was washed in water and acetone, then both surfaces were rubbed with fingers;

b) sample 2 was washed in water and acetone, then dried in air at room temperature;




c¢) sample 3 was washed in water and acetone, then heat treated in a furnace at 500 °C for 1
hour.

Fig.5 shows the results from fatigue tests on these three samples using a 100 Hz sine
wave AC field. The remnant polarization of sample 3 did not decrease at all after 108
switching cycles, onsy E¢ increased siightly (we note that in all etched samples, £¢ shows a
slight increase at the beginning and then becomes stable.). Py of sample 2 fatigued to 85%
of its initial value after 107 switching cycles and E increased about 18%. Sample 1 was the
worst among the three samples; its Py reduced to 30% of the initial value and E¢ increased
50% after only 2 x106 cycles. Heating PLZT ceramic samples to 500 °C after washing
have two effects: (1) burn off the organics residues on the surface, and (2) release bulk and
surface stresses. Since these three samples were already heat treated at 600 °C for 2 hours
to release stresses before the surface preparation described above, heating sample 3 to 500
oC for 1 hour after washing should not change its properties except burning off solvent
residues on the sample surfaces. Since the three samples with the same etched surfaces
differ only in surface treatments, the discrepancies in fatigue results could only be
explained in terms of the different degree of surface contamination.

Experiments also indicate that the fatigue is initiated at the ceramic-electrode interface.
Possible explanations for what might have happened at the interface are:{1211131 (1)
electrochemical reaction, such as ionization of contaminants and field induced chemical
decomposition near the sample surface; (2) corona, high voltage can ionize water and
organics, causing partial discharge which leads to a time related continuous degradation of
the dielectric property; (3) contact deterioration effect, residue of solvents and skin grease
prohibit a direct contact of the metal electrode with the sample surface, resulting in a poor
contact. Partial failure of the electrode were directly observed under SEM on the electroded

surface of fatigued samples as shown in Fig.6.




B. The nature of the fatigue

Fatigue caused by surface contamination started at the sample surfaces where high

field concentrations occur. In order to see if the fatigue damage has extended into the
interior of the ceramic with a prolonged switching time, we have measured the bulk
dielectric constant as a function of temperature. The sample thickness is 200 pum and the
measurements were done at 1 kHz frequency. The maximum temperature in the
measurement was 190 9C which is above the Curie temperature (130 °C for PLZT
7/68/32). The results are given in Fig.3. One can see a drastic decrease of the dielectric
constant in the fatigued sample (after 2 x 106 cycles), especially close to the Curie
temperature region [curve (a) in Fig.3].

Different heat treatments were applied to this fatigued sample to see if the fatigued
physical properties could be recovered. Curve (b) in Fig.3 is the temperature dependence of
the dielectric constant measured after the fatigued sample went through a heat treatment at
300 oC for 3 hours. Only partial recovery was achieved. The sample then experienced |
further heat weatment at 600 °C for 1 hour and further improvement was observed as
shown in curve (c) of Fig.3. However, the dielectric constant still did not recover to its
initial value, which means that part of the damage is permanent. In order to investigate the
depth of the damage from surface initiated fatigue, 15 um at the sample surfaces was
ground off and the sample was re-electroded using the sputtering technique. The measured
results are shown in Fig.3 curve (d). No further improvement was achieved. The high field
properties, i.e., the remnant polarization Py and the coercive field E¢, were also measured
after each heating, re-electroding, and thinning (Table I). One can reach the same
conclusion from the results in Table I as from the results of weak field dielectric
measurements. The dielectric and polarization measurements were also performed in a
sample with a thickness of 700 jum, fatigue was observed after 2x 108 cycles. However, it
is found that the dielectric constant and the polarization can almost restore to its initial value

after 150 um layer were ground off from the sample surfaces. The experimental results




indicate that fatigue damage had propagated fairly deep into the interior of the sample after
more than 100 swiching cycles (note the damage was only at the surface within 105 cycles).

Previously, fatigue in ferroelectrics was explained as due to the stabilization of
domain walls,[H{5)(8] which can be recovered by heating the fatigued sample into the
paraelectric phase.[5)(8] In our experiments, total recovery did not occur even after the
fatigued sample being heated to as high as 600 °C, 470 °C higher than the Curie
temperature. Hence, the fatigue we have observed can not be due to domain wall pinning;
instead, we believe that intergranular microcracking is responsible for the non-recoverable
fatigue initiated by surface contamination. Scanning Electron Microscopy was performed
on a fatigued sample (Fig.7 a) and non-fatigued sample (Fig.7 b) with ground surfaces (the
samples were etched using H3PO4 acid to remove gold electrodes). On the micrographs in
Fig.7 (b), we can see some grinding damage and etch-pits for the non-fatigued sample,
while for the fatigued sample (Fig. 7a) the majority of the grains do not have grinding
damage or etch-pits. This means that a whole layer over these grains was pulled off during
etching, which indicates that the bonding between grains was weakened in the fatigued
sample near the surface. In addition, some minor cracks around grain boundaries were
visible in Fig.7 (a), but large cracks were neithcr observed on the surfaces nor on the cross
section of the fatigued sample.

Because ferroelectrics are both piezoelectric and electrostrictive, large strain can be
generated during switching. In PLZT ceramics the field induced strain can be as large as
0.1% or more.[}4] When the deterioration of the interface occurs during the fatigue
experiment, the regions under good contact electrode are under larger field, while the
regions under deteriorated interface effectively experience much smaller field. Hence, these
two regions can not be switched simultaneously under a constant voltage across the two
electrodes. This generates stress concentrations at the boundaries between the switched
regions and the non-switched regions. If the grain boundaries have weaker mechanical

strength than that of the grains, intergranular microcracking could be produced by these




stress concentrations. An optical micrograph of a fatigued sample shows that this is indeed
the case (see Fig.8). The micrograph was taken from a fatigued sample under a transmitted
light after the electrodes were carefully removed. It was found that some of the regions
were changed from transparent to opaque, but some regions still remain transparent. The
degree of opacity represents the degree of mechanical damage in the sample. In general, the

worse the fatigue the iess Uic ivial area of the transparent regions.

IV. SUMMARY AND CONCLUSIONS

A systematic study has been carried out to determine the influence of surface
conditions on the fatigue behavior of hot pressed PLZT 7/68/32 ceramics with grain size of
5um. It is found that the observed fatigue occurred within 103 switching cycles is caused
by surface contamination. We suggest that the fatigue initiated by surface contamination in
hot pressed PLZT 7/68/32 ceramics is though microcracking at the boundaries of the
switched and non-switched regions near the ceramic-electrode interface, which
progressively extends into the interior of the ce.amic with prolonged switching,

The conventional cleaning method is proved to be inappropriate for specimens used
under high AC field. An improved cleaning procedure described here can eliminate fatigue
for at least 108 switching cycles, which is a very encouraging result for some potential
applications based on the polarization reversals,

Contrary to some reported results,!318] we found that the fatigue damage is
permanent although it is only limited at the surface region at the beginning. Some physical
properties of the fatigued sample can be partially recovered though thermal treatment,
however, complete recovery is not possible.
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Figure Captions

Fig.1

Fig.2

Fig.3

(a) and (b) are the changes of the relative remnant polarization Py and the relative
coercive field E respectively with switching cycles for a conventionally cleaned
PLZT 7/68/32 specimen. Test frequency is 10 Hz .

The typical hysteresis loops after 103 (a) and 3 x109 (b) switching cycles

for a conventionally cleaned PLZT 7/68/32 sample with ground

surfaces. Test frequency is 10 Hz.

Temperature dependence of the dielectric constant in depoled state for a
conventionally cleaned sample with polished surfaces. (a) Fatigued sample; (b)
fatigued sample after heat treatment at 300 ©C for 3 hours. (c) fatigued sample after
heat treatment at 600 °C for 1 hour. (d) a 15 um thick layer was ground off from

each side of the sample. (e) resuits from a virgin non-fatigued sample.

Fig.4 (a) and (b) are the relative polarization and the relative coercive field versus

Fig.5

Fig.6

Fig.7

switching cycles, respectively, for a specimen cleaned by improved procedure. Test
frequency is 100 Hz.

Effects of contaminations on the fatigue behavior. Sample 1 was contaminated by
solvent and skin grease; sample 2 was contaminated by solvent; sample 3 was
cleaned by improved procedure.

SEM photograph taken from the electroded surface of a fatigued sample. Part of
the electrode was peeled off from the sample surface during switching process.
SEM micrograph taken from a fatigued sample (a) and a non-fatigued sample (b)
after chemical etching. Etch-pits were not found on the surface of the fatiqued

sample because a loosened layer was etched off.

Fig.8 Optical micrograph taken from a fatigued sample with transmission light. The

opacity indicates the degree of mechanical damage or stress concentrations. The

transparent regions are non-fatigued portions left in the sample.
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Table I. Comparison of the remnant polarization and the coercive field
for a PLZT 7/68/32 sample under different treatments

Remnant Polanzation Coercive Field
(Hc/cm?) (kv/cm)
Before fatigue 27.0 5.0
After fatigue 6.0 6.8
After 190 °C heating 11.5 8.0
After 300°C heating 19.2 10.4
After 600 °C heating 224 7.3
After removal of 15um from each side 22.5 7.2
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Theoretical study on the static performance of piezoelectric cerainic-
polymer composites with 1-3 connectivity
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Inhomogeneous displacement profiles have been derived for a single-rod composite and a
single-tube 1-3 ceramic-polymer composite under both uniaxial and hydrostatic stress. The
effective piezoelectric constants for the composites have been derived in terms of the ceramic
content, the piezoelectric and elastic constants of each component, and the aspect ratio of the
ceraniic rod. The stress concentration inside both phases is derived from the calculated
inhomogeneous displacement profiles. It is found that only a finite portion of the polymer in the
vicinity of the ceramic-polymer interface actually contributes to the stress transfer, and the
induced additional stress on the ceramic also has a higher magnitude near the interface. The
theoretical results quantitatively predict the performance of a given 1-3 structure, and can be
used to optimize the design parameters, such as ceramic content, aspect ratio of the ceramic
rods, rod geometry and rod arrangement, resin hardness, etc., for 1-3 structures designed for

specific purposes.

I. INTRODUCTICN

With the increasing application of piezoelectric com-
posite structures, quantitalive description of their physical
properties lias become a necessity for proper structural de-
sign. The most frequently encountered piezocomposites are
2-2- and [-3-type ceramic-polymer composites. The names
of these composites are defined according to their connec-
tivities.! In the past, theoretical studies on this subject have
been limited to the isostrain models.> Although the iso-
strain models can provide some general guidelines, their
theoretical predictions are often larger than the experimen-
tal values.* In addition, the effect of the aspect ratio, which
is proven experimentally to be a critical parameter in the
1-3 composite structure, is not included in the isostrain
models. After analyzing the essential characteristics of the
problem we have presented in a previous paper a theoret-
ical model for thz 2-2 composites.® This model can quan-
titatively dcscribe the effective piezoclectric properties of
the 2-2-1ype composites. In this paper we extend the model
to address the 1-3-type composites which are more attrac-
tive and have much wider applications than the 2-2 struc-
tures from a practical point of view.

The fundamental physics in the 1.3 composites is the
same as that in the 2-2-type composites, We expect the
displacement profife in a 1-3 composite to be inhomoge-
ncous under a prescribed stress ficld or an electric field
because the two components have different elastic and
piczoelectric properties. The difference between the 2-2
and -3 problems is the dimensionality, ie., one-
dimensional for the 2-2 type and two dimensional for the
1-3 type. Besides the dimensionality difference, there are
two more complications in the 1-3-type composites: one is
the geometry of the cross section of the ceramic rod, which
is commonly chosen to be square or circular due to man-
ufacturing convenience; the other is the rod arrangement in

the composite, which usually is made into square or trian-
gular configurations. Because the rod geoine*ry and the rod
arrangement define the boundary conditions for the prob-
lem, each case must be treated separately. Here we only
solve two simple cases for whicl analytic solutions exist;
using these two examples we wish to derive the essential
features of the 1-3 structure and demonstrate the general
procedure for dealing with the I1-3 composites. Soiutions
for an arbitrary rod geometry and rod arrangement may be
calculated numerically.

The two cases 1o be treated are composites made of a
single cylindrical ceramic rod and a single ceramic cylinder
with a polymer matrix of finite dimension as shown in Figs.
1 and 2, respectively. One can think of them as the “unit
cells” of a 1-3 composite. For simplicity, the outer bound-
ary of the composite is also defined to be circular. Obvi-
ously, such a unit cell cannot be used to fill the whole
space. However, it is a reasonable approximation to the
compaosite with triangularly arranged ceramic rods (for
which the unit cell has hexagonal symmetry) and, as will
be proven later, at low cerantic content the resulis for the
single-rod composite can even be used for composites with
other rod arrangements.

Il. DISPLACEMENT PROFILE IN A SINGLE-ROD
COMPOSITE UNDER UNIAXIAL AND HYDROSTATIC
STRESSES

The basic idea for constructing the static equilibrium
condition is 1o singiec out the cflective component of the
displacement field. For the single-rod (tube) system as
shown in Fig. 1 (Fig. 2), we choose a cylindrical coordi-
nale system (r,$,2) with the z and r directions along the
axis of the ceramic rod (tube) and the radial direction,
respectively, and ¢ as the angular variable. When the ce-

5814 J Appl. Phys 72 (12), 15 December 1992 0021.8979/92/245814.08%04 00 © 1992 American Institule of Physics 5814




POLYMER
MATRIX

AMIC

CER
ROD

FIG. 1. A single ceramic rod composite of length /. The radius of the
composite is R and a is the radius of the ceramic rod.

ramic rods are poled in the axial direction (the 2 direction
in our calculations), the stress transfer in the 1-3 structure
only enhances the piezoelectric response of the ceramic
rods in the z direction. Therefore, to a good approximation,
we only need to derive the z component of the displace-
ment field. Following the procedure described in Ref. 6, we
use the ansatz u(r.z) = (22/Nu(r,i/2), for the z compouent
of the displacement field; then, under a uniaxial stress Ty
the static equilibrium condition for the polymer and ce-
ramic phases can be written in the following form in a
cylindrical coordinate system:

uPl (3 u(rl/2) 1 3u(rds2) 1 3ul(ri/2)
T( ar +; or +? ap’ )

P

=—7—u(r,l/2)-—T3, r>a, (la)
cal (0(rl/2) 18v(ri/2) 1 3%(ri/2)
4 ( ar +r or +? ENe )
2
=-—vulrl/2)—T, r<a, (1b)

ISJJ

where u(r,{/2) and v(r,//2}) are the z components of the
displacement for the polymer and the ceramic, respec-
tively, at the top surface of the composite. u” and Y? denote
the shear and Young’s moduli of the polymer phase, and

POLYMER
MAYRIX

%2
R
CERAMIC "

TUBE — * &

+
L
A

FEG. 2. A single ceramic tube composite of fength /. The radius of the
composile is R, while a, and a, sre the inner and outer radii of the
cerainic tube.
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cqe and 5y, are the shear clastic stiffuess and the normal
elastic compliance of the ceramic, respectively.

Considering the composite shown in Fig. 1, the solu-
tion must be indcpendent of ¢ because of the symmetry,
which mcans that the second derivative with respect to ¢
vanishes. By making the following substitution

ﬂzu(r,l/Z)—-(IT,/ZY”). (28)
p=r/E, & =(i/2) /1P, (2b)

Eq. (1a) can be recast to the following zeroth-order Bessel
equation of imaginary argument:

U 3, o
P agrte g P u=o 3

Standard solutions exist for Eq. {3} so that the surface
displacement of the polymer phase, w(r,{/2), can be ob-
tained using Egs. {(2a) and (2b),

/ o r !
u(r, i) =Al£o(§;) +Blo(§“p) +§—)-;;, T3 (r>a)
(4)

where Ky(p) and [,(p) are the zeroth-order modified
Bessel functions, and 4 and B are the constants of integra-
tion.

Similarly we can obtain the surface displacement pro-
file for the ceramic rod by solving Eq. (1b) vsing the same
technique,

U(f,l/2)=clo(r/§()+(1/2)-‘)3T) (r(a). (5)

where £ = 1/2 \s;1¢4e/2. Note that in Eq. (5) we have used
the boundary condition that v(r,{/2) is finite at r=0, so
that only oue integration conslant C remains.

In order to determine the integration constants in the
solutions Egs. (4) and (5), three boundary conditions are
needed. The first one can be obtained from the nonshp
interface condition at r=a, viz.

u(ai’2)y=v(ad’2). (6)

The second one is the {ree-boundary condition at r=R for
the polymer phase,

du(rl/2)

ar =0 (7)

r=R
{the derivative of u(r,z) along the direction normal to the
unit-cell boundary must always vanish in the composite
structure due to symmetry]. For the single-rod composite
in Fig. 1 we can use Newton's third law to derive the other
condition needed to determine the constants as described

TABLE I. Elastic, piezoclectric, and diclectric constants of PZTSH® and
epoxy® used in our calculations. ¢, is the dielectric constans of vacuum

PZTSH: 5,,=0.0208 (10-* m¥/N), ¢ =200 (10° N/m'), o =031,
dyy= 593 (1071 C/N), dyy = — 274 (1077 C/N), € = 3400¢q
Epoxy: =31 (10" N/m?), u #=1.148 (10° N/m"),

0=0.35, £7=3.5¢,

*See Ref. 7.
*See Refl. 8.
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in Ref. 6, but for later convenience, we use the following Equation (8) states that the shear stress is a conlinuous

equivalent but more general boundary condition: function of r across the iuterface in the nonslip interface
) du(ris2) au(r1/2) composite structur‘cs.
y —5 =cu——3— . (8) Now the three integration constants 4, B, and C can be
r=o r=a determined from Eqs. (6), (7), and (8); they are

"(1/2)[}(%)15([7;)( l/)yp‘S”)TJ

A=
VYPs3i?/ca) Io(p) LRI K (05) = T (PR Ky (0R) )+ 118 L () Kool + Ky (i) Dol ] os)
o (72K (R (P (1 YP—533) Ty 9%
VOFs300 /ea ol pD L (PR K (00) = 112 K () Y+ 1 (o) LT () Kol D) + K\ (0B ol e) ] o
7)1 (pRIK () = 1 (DK (PR 11/ VP —533) Ty (9)
(+

C= ,
Tolp) L (pRIK () = 1 (D)) Ky (P) ) + (cad/ Yos30P ) (p5) LT (pR)Ko(0)) + K (PR o(P2) ]

where

p=a/tf, ph=R/E. p=a/E,

and Ko(p), 1o(p), Ki{(g}, and I,(p) are the zeroth- and first-order modified Bessel functions.

Because of the coupling between the two components at the interface in the 1-3 structure, the total eflective stress on
the ceramic becomes larger but inhomogeneous. The magnitude of the effective total stress is the largest at the interface
and becomes smaller away from the interface. The effective induced electric disptacement in the ceramic now becomes

dyy 0(r,l/2)
= ef_ 33 070
D(n) =dyT == —75=, r<a. (10)

From Eq. (10) we can calculate the total bound charge Q produced at the top surface of the ceramic rod,
a .
Q.—_-erf D(r)rdr=yd,,Tyynd, (11)
0

where

(/a)Li (p) UL (PRI K () — 1 (D)) K (pR) 1 (17 YP —543)
V(2s3y/ca) To(p) L (PR K (02) — 1 (0D Ky (p5) ) + V(27 YPuP) T (pS) 1 (pR) Ko (0D) + K (o) ol ]

is the stress amplification factor.

We can see that the amplification factor depends on the elastic properties of both phases, the ceramic content
Vt=a’/R 2 and more important, the aspect ratio a//. In order to visualize this aspect ratio dependence, we have calculated
the numerical values of Eq. (12} for a PZTS5H-epoxy composite using the input data in Table I. (PZT5H is a trademark
of Vernitron Corp. for its lanthanum-doped PZT product.) The resulls are shown in Fig. 3. Two important conclusions
can be drawn from the results in Fig. 3 as follows.

(i) There is a saturation value for the enhancement effect for any given aspect ratio a//. This is because the stress
transfer effect is limited only to the portion near the ceramic-polymer interface; in other words, only the polymer portion
near the interface actually contributes to the enhancement effect. This point will be elaborated below. This saturation value
of y can be derived (rom Eq. (12) by taking the limit R~ o0,

y=1+ (12)

(VYK (Y (p) (1 YP —533)

QKD

N NALGANA Gl VI .
Jm Y= T ses o Kl + 37 Y 1 (pl) Koli)

This limiting valve depends very strongly on the aspect ratio of the ceramic rod a/l, which may be visualized from the
results shown in Fig. 3 at ¥,=0; it decreases rapidly with the increase of the ratio a/l. The inclusion of the aspect ratio

is one of the novel features of the current model.
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(ii) The 3 value obtained from the current model is
always smaller than the isostrain result but larger than the
two-phase decoupling result (3= 1, which can be obtained
by taking the limit @ — o for a finite 1), depending on the
aspect ratio a/l of the structure, In general, for a fixed
ceramic content, thin and long rods should be used in or-
der to get larger y. The isostrain models actually give the
upper limit for the enhancement factor, which can be de-
rived from Eq. (12) for a finite R by taking the limit /- oo,

limy=
[

VetV Ys55' (14)
where ¥ and ¥, are the volume fractions of the ceramic
and polymer respectively. Equation (14) is just the iso-
strain result.

In order Lo see how the stress transfer actually takes
place, the generated additional stress 7,4y inside both the
cerantic and the polymer phases for a single-rod composite

J

5i(p) (s, YP— 1) TyKo(p")

is calculated using the parameters from Table 1. For clarity
and simplicity, we assume R - o (corresponding to
V.-0); then the solutions for the z comnponent of the dis-
placement field inside the composite become

Tea=T3—T3=

V(Y syu? /) Io(pS) K (ol) + 11 (pS Kol Pl
Kl(p{;)( l/}’pS:{_\— I)Tﬂo(Pc)

z X 172
u(r.Z)=7/—2 (Alsn(p’)+7.; T,). r>a, (15a)
2z . I
U(’-z)=,/_2 (CIO(P )+5$3)T3). ra, (15b)
where
(/D (pS) (53, =1/ YT,
A= — - . (16a)
VOYTsyf/ea) It pL) Ky (02) + 11 (p5) Kol pf)
C= (I/Z)K,(p';)(l/Y”—-s,J)T, ([6b)
Io(pQ) K\ (05) + Vcas/ Yos,uP ) (p§) Kolpl)
In this case the generated additional stress T,y is
r>a, (17a)
{17b)

Ii)(P;)KI(PZ) + J(Cu/ YFJ]JI""[(P;)K()(PD ’

T yqq is plotted in Fig. 4 for a single-rod PZT5H-epoxy
composile with a=0.5, /=2.5 and 5, respectively. We can
see that T,4y has opposite signs in the ceramic (r<0.5)
and in the polymer (r>0.5), and the magnitude is the
largest at the interface. There is a substantial increase of
the effective stress in the ceramic at the expense of the
stress reduction in the polymer phase. Because of the dif-
ference between the elastic properties in the two phases,
T .44 subsides very fast away from the interface in the poly-
mer but changes relatively slowly in the ceramic phase.
Also, we note in Fig. 4 that 7,4, depends very strongly on

P2TSM-Epoxy 1

F1G. 3. Calculated dependence of the amp: nication factor y on the ce-
tamic conlent for & FZTS11-epory composiie with the (ollowing aspect
atio: a/1=005,0.1,0.2, 0.5, and 1.0. The uppermost line is the isostraii
resuil.
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r<a.

{

the ratio a//. With the increase of I/, more polymer will
participate in the stress transfer process. Although the
maxiinum stress magnitude at the interface a=0.5 be-
comes slightly smaller, the total force transferred to the
ceramic roud, which is the product of the stress and the
surface area of the participating polymer, becomes larger.
We found that the inhomogeneity of the additional stress
becomes stronger as the a// ratio increases.

It is clear from the stress analysis that the most effec-
tive portion of the 1-3 structure is near the ceramic-
polymer interface, especially for relatively large a/! ratio.
Therefore, one of the fundamental guidelines for the struc-
tural design of 1-3 composite is to increase the ceramic-
polymer interface area.

We now proceed to calculate the hydrostatic piezoelec-
tric constant for the single-rod 1-3 composite shown in Fig.
1. The boundary condition for this problem should be con-
stant stress on all surfaces of the composite. However, this
boundary condition is not satisficd in the previous theoret-
ical models which assumed isostrain boundary condition in
the axial direction of the rods. Therefore, the effective hy-
drostalic piezoelectric constant of the 1-3 structure calcu-
lated from the previous models is often much laiger than
the experimental values.>? The simple parallel mode! and
serics model could not give the right result because the
conditions of isostrain in the z direction and equal stress in
the x and y directions are self-contradictory. When stresses
are applied in the x and y directions, the induced displace-
ment in the 2 direction will be quite different in the ceramic
and polymer phases, due to the difference in elastic com-
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FIG. 4. Concentration of the generated additional stress T,,, as a func-
tion of r for a single-rod PZTSH.epoxy 1-3 composite under a vniaxial
stress Ty. The radius of the ceramic rod is 0.5. The thick line is for /=5
and the thin line for /=2.5. The maximum value of the additional stress
appears at the interface r=0.5, and the signs of the stresses in the two
phases are opposite.

pliance. Although the series model may be used in the x
and y direction, the equal strain model must not be vsed in
the z direction unless infinitely stiff plates are placed on the
two surfaces of the composite. In orde: to adequately cal-
culate the hydrostatic piezoelectric constant for the 1.3
composite, one must consider all three dimensions simul-
taneously and the solution should satisly equal stress
boundary conditions in ail three dimensions.

Before we calculale the effective hydrostatic piezoelec-
tric constant of the composite structure, let us discuss
briefly the physics involved in the 1-3 structure. Equation
{1) may be rewritten in the following form:

ul (azu(r,l/l) 1 9u(rl/2)

2 i
7“("5)“‘3:“*7 R B SR
1 d*u(r,if2)
+?T)l, (18)

where s§,=1/Y? is the normal elastic compliance of the
polymer. Equation (18) tells us that, in the composite, the
effective T " [in the square bracket of Eq. (18)] is inho-
mogeneous due lo the additional stress generated by the
nonslip ceramic-polymer interface, although the applied
stress 7y is homogeneous. While in the other two dimen-

J

W) L () U K () — T DK () (1 = 20)/ VP (1= 20) s,

sions, there is no interface enhancement effect, the stress
will still be homogencous, bul the stresses applicd in the
directions perpendicular to the z direction can generate
additional stress in the z direction due to the Poisson's
ratio effect and the difference of elastic compliance in the
two phases. When normal stresses are applied in all three
dimensions, the local strain-stress relation in the z direction
inside the polymer may be written as

2 1 , pfl (Fulrd/2) 138ulrir2)
7”(’,‘2’)2513[7-3*{"';‘( af1 +'; af

1 Fu(r,is2)
+p T)] +s5Ti+s5, 7. (19)

For the case of hydrostatic pressure, T =T,=T;=—P,
Eq. (19) becomes

ufl (u(r /2y 13u(rir2) 1 Qulri/2)
T( Y T TR T g )

2y
!

where o=53,/5; is the Poisson’s ratio for the polymer.
Equation (20) is identical to Eq. (1a) if we replace T'; with
—(1—20)P. Similarly one can reach the same conclusion
for the ceramic phase, except in this case we must replace
Ty by —(1--20°)P, with o“=s5,/55;.

Now the electric displacement in the ceramic under a
hydrostatic pressure can be written as

cul (3(r 72y  130(rl/2)
D")z””lT‘*T( T

(20)

{
u(r,i)+(l—20)P.

1 dhu(r,iz2)
+;2 "““a¢2"—') ] +d3,T| +d31T2

2(ris2
:d,,(—"(—%—tzafp) ~2d,,P. 1)

533
Equation (21) includes both the Poisson’s ratio effect and
the interface enhancement.
From Eq. (11) the total charge Q produced by the
hydrostatic pressure P can be obtained by integrating Eq.
(21) over the end surface of the ceramic rod,

Q= —7a’(y)dy; +2d3,) P, (22)

where

(23)

T T ea Iop U (P K e — Iy (P Ky (P T+ /P L () U () Kool + K (o) o)

is the amplification factor in the hydrostatic situation.
Compared to Eq. (12), the only difference is the inclusion
of the Poisson's ratio eflect, i.e., the two factors (1 —20)
and (1-20).

From Eq. (22) the effective hydrostatic piezoelectric
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constant d, of the composite is therefore given by
dy=(1sdys+2d,) (@/R) =V (yidny+2dy),  (24)

where V, is the volume fraction of the ceramic. Equation
(24) is plotted in Fig. 5 for several different aspect ratios
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PZT5H-epoxy 1-3 composite.

for a PZTSH-epoxy composite using the input data from
Table I. 4, shows a peak value for each value of a//; this
peak valuc appears at about 25% for a/1=0.05 and shifts
to higher ceramic content with the increase of a/l. The
peak value incicases with the decrcase of the ratio a/f
however, there 1s a saturation of the aspect ratio effect as
one can see from Fig. 5. We found that the curve for a//
=0.05 is alreadyv very close to the saturated value; very
little improvenunt is obtained when the ratio is further
decreased 10 a//=0.02. The curves for a/1=0.02 and 0.01
are practically the same.

The 1-3 structure also increases the effective piezoelec-
tric charge constant g, because the effective dielectric con-
stant of the composite is reduced. For hydrostatic applica-
tions the conventional criterion for the 1-3 composites is
the hydrostatic figure of merit which is defined as g, d,,
For the 1-3 structure, it can be written as follows:

- d}

&x dh“—'(—;r_m (25)

3000 T T

U L 4

PZT5H-Epoxy -4

2500 |-/
2000
1500

1000

-1§ 2
g, d (107°m’/N)

FIG. 6 The figure of merit, ;; ;;T. as a function of the ceramic content
with the a/f ratios of 0.05, 0.4, 0.2, 0.5, and 1.0, respectively, for a
single-rod PZT5H epxy 1-3 composite.
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Figure 6 is the plot of Eq. (25) as a function of the ceramic
conlent at four different aspect ratios for the PZTS5H-epoxy
composite using the input data from Table I. One can see
that the figure of merit also strongly depends on the ratio
a/l. In the commonly used range of the aspect ratio, the
hydrostatic figure of merit can be well over 2000 10~ "
m?/N for the optimized structure, which is much larger
than the conventional piczoelectric ceramics.

Hi. SOLUTIONS FOR A SINGLE CERAMIC TUBE
COMPOSITE

The stress distribution in Fig. 4 tells us that the most
useful parts for the stress transfer are those near the
ceramic-polymer interface, which suggests that the shape
of the ceramic component should be designed to have
larger interface area with the polymer. An immediate de-
sign possibility would be to replace the ceratmic rods with
tubes, since for thin wall tubes the inter{ace area can be
substantially increased as compared to the solid rods for
the same ceramic content. Clearly, from the principle of
stress transler, the structure will be more effective if the
interior of the tube is filled with polymer assuming no
surface capping. The unit cell for this case is plotted in Fig.
2. In what follows we only give the results for the filled
interjor tube composite. One can easily derive the solutions
for the case of empty inteiior tube composite following the
same procedure.

As shown in the previous section, the hydrostatic case
may be treated the same way as the uniaxial case for the
1-3 composite systems Therelore, we only need to consider
the situation of the composite under a uniaxial stress Ty
For the tube composite the unit e+l contains three different
regions: r<a,; a; < < ay; and @, <r < R as shown in Fig. 2.
The surface displacement profiles of the composite in the
three regions are, respectively, given by

r ITJ
/ A!’O(E,,)+ﬁ;. r<ay
"("i)"‘ rr r\ Ty
B]Iﬁo('gj)-}‘ﬂzlo(z‘;)-{-‘z—ﬁ, a,<r<k,
’ (26)
i r r !
U(V,i)=C|Ko(E)+Czlo(E)+ESDT3, a,<r<ay.
(27)

The five integration constants in Egs. {26) and (27)
can be obtained using the same boundary conditions as
given in Egs. (6)-(8) at r=a,, a; and R, respectively.
Because the expressions for these constants are lengthy, we
define the following quantities:
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Toy=1o(a\/E7), lgy=1Iplay/E),
Koi=Ko(a\/£), loi=1Iolay/§),
Fi=1(ay/E), Koi=Kola/E),
I3=1(ay§£), Ky=Kolay§),

Iy=1,(a/&"),
Toi=1y{a,/5°),
5=1,(a,/EP),
Ky=K\(a,/¢F)

J

A =Bl11i(Koi—Koi— AKy3) + Kyi(Igi+ 13— A13) ] Ty,
Bl g[RE 101(112K11—111Ku)+1ul|z(’<on—loz)+l'nKu(1m+loz)]T3

Kyi=Ki(a)/8), Kp=K\(ayEt),

Lig=1,(R/E"), K,g=K,(R/E).

In terms of these abbreviations the integration constants in
Eqs. (25} and (26) can be written as

(28)

B=
" 1K — 113K,

(29)

_BKrlR IOI(IIZKH-IHKII)+[“1I2(K0!”]02)+IHK12UO)+[OZ)]TJ

= 1aKig— 13K 3
Cy=BIREIg i~ 1\, (Igi+ o3+ A1y3) )Ty,
Cy=BIRFI14K\i+ 1, (Koi— Koz —AK3) 1 T3,

where

(30)

&1
(32)

= Jeu/sst? ¥, A=REU 1Koy 4+ 10:K15) /(112K 12— 11 K1a),

and

(17YP—533)1/2
g 1

Similar to the previous section, one can find the total
charge Q produced at the top surface of the ceramic tube
under a uniaxial stress T,

5oy, |1 ) 5
Q=21rj T;-U\r,i)rdr=rd,,T,1r(az—a,). (33)
ay

where

v2cu/533

_H—'T*(“r—’r’ [Cila,Ky5~aKy3)

+ClaNy3—ay]45)) (34)

is the stress amplification factor for the tube composite
under uniaxial stress. One can verify that Eq. (34) recov-
ers the result of Eq. (12) in the limit of a,-0.

In Fig. 7 we have plotted Eq. (34) for a single-tube
composite of /=5 and R=35. The ceramic fractions are
0.01, 0.02, 0.05, 0.1, 0.2, and 0.5, respectively, as labeled in
the figure. One can see that for each specified ceramic vol-
ume percentage the y value increases with the increase of
the inner radius of the tube a; at the beginning, then de-
creases slightly afler reaching a peak value, For the 1%
ceramic composite, the y value can be increased by as
much as a factor of 2 compared to the ceramic rod com-
posite (a,=0, and for the corresponding 1% ceramic
single-rod composite the a/l ratio is 0.1). The slight de-
crease of y for large 2; is caused by the gradual disappear-
ance of the outer interface in the structure, as one can see
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that the ceramic tube becomes the outer shell for the struc-
ture when a is sufliciently large, i.e., a;=R.

Due to the increase of the interface area in the tube
ceramic configuration, the effective volume of the polymer
that parlicipates in the stress transfer becomes larger. As a
result, more charges are produced for the same ceramic
content compared with the solid rod composite. In other
words, the ceramic tubes are more effective for stress trans-
fer than the solid ceramic rods in the 1-3 composite struc-
ture. In principle, other ceramic geometries can also be
analyzed in the same manner. However, the displacement
field will also depend on the angular variable ¢ for noncy-
lindrical symmetries, which may defy an analytic solution.

V. SUMMARY AND CONCLUSIONS

A theoretical study has been carried out for the 1-3-
type composites based on the model developed in Ref. 6.
As examples, a single-rod and single-tube composite have
been treated for cylindrical symmetry. Analytic solutions
are obtained for the inhomogeneous surface displacements
in the z direction under both uniaxial and hydrostatic
stress. From these inhomogeneous displacement solutions,
the effective piezoelectric constants of 1-3 composites can
be calculated,
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FIG. 7. The chanpe of the amplification factor y for a single-tube com-
posite with the inner radius of the ceramic tube a; for the following
volume fractions of ceramic: 0.01, 0.02, 0.05, 0.1, 0.2, and 0.5.

The stress transfer in the 1-3 composi‘es is accom-
plished through shear coupling at the interface between the
two components. Becauvse of the difference in elastic com-
pliance, the two phases cannot have isostrain under uniax-
ial or hydrostatic stress without surface capping. The el-
fectiveness of the stress transfer can be characterized by a
stress amplification factor ¥ defined in Eqgs. (12}, (23}, and
(34). This stress amplification factor is shown to depend
on the elastic properties of both phases, the ceramic con-
tent, and, more important, the aspect ratio of the ceramic
rods. It is shown that the stress transfer effect practically
vanishes if the ratio a//> 1. We have also demonstrated
that the hydrostatic stress case can be treated in the same
way as the uniaxial stress. However, because of the Pois-
son'’s ratio effect, the stresses applied in the directions per-
pendicular to the axial direction of the rod reduces the
enhancement effect in the axial direction. Hence, under
hydrostatic pressure the amplification factor y, is practi-
cally reduced by a factor of (1—20) due to the Poisson’s
ratio effect, where o is the Poisson’s ratio.

Through the stress analyses, we have shown clearly
that the most effective portion of the polymer for the stress
transfer is in the vicinity of the ceramic-polymer interface.
Therefore, the optimum design for the [-3 composite struc-
ture should contain maximum interface area. If the ce-
ramic volume content and the thickness of the 1-3 struc-
ture are fixed, the composite made of ceramic tubes is more
effective than the composite made of solid rods due to
larger interface area.

In a real 1-} composite structure the outside boundary
of the unit cell is not circular, and the cross section of the
ceramic rods may have square or other geometries, for
which one must solve each case according to the specified
boundary condifions. In general, it may not be possible to
obtain closed form expressions, one may have to resort lo
numerical methuds. However, at very low ccramic content,
i.e., il the rods are sufficiently far from cach other, the
single-rod solution obtained here is a very good first-order
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approximation. Looking at the stress analyses in Fig. 4, we
nole that the polymer beyond r=2.5 actually contributed
very little in the stress transfer. This rod distance corre-
sponds to a ceramic volume percentage of about 49,
Thercfore, (he solutions derived here should be accurate
for any rod arrangement if the ceramic content is less than
49%. We have shown that the calculated piezoelectric con-
stant is comparable to the experimental result even for up
to 20% ceramic.'®

Through this theoretical study we have gained sub-
stantial insight into the fundamental principles of the 1-3
piezoelectric composite structure, including the mecha-
nism of stress transfer and the influence of the aspect ratio.
Several design principles for the 1-3 structure can therefore
be stated based on the current study as follows.

(i) The ratio a/! should be relatively small. However,
one must nole that the enhancement of the stress transfer
through reducing the a/! ratio has an upper limit. In the
PZT5H-epoxy system (see Fig. 3), if a//=0.02, the y
value essentially reaches the upper limit. Thus, there is no
benefil in making the ratio a// less than 0.02 for this system
since the decrease of a// ratio of the ceramic rods often
increases the difliculties in manufacturing 1-3 composites.
Using our theoretical results, one can select the design
parameters to optimize the performance of 1-3 composites
for a specific purpose and at the same time minimize the
cost of manufacturing.

(ii) The interface area between the two phases should
be maximnized so that the effective region of the polymer
participating in the stress transfer is maximized.

(iii) From Eq. (14) one may conclude that the passive
phase should be chosen to have the smallest possible
Young's modulus (depending on the requirement of me-
chanical strength for the composite) in order to obtain a
large y. In addition, a larger ratio of the shear modulus
versus Young's modulus for the passive phase is preferred,
which can reduce the self loading of the polymer phase and
increase the stress transferred to the ceramic phase. This
might be achieved through a surface capping technique.
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In general. the ptezoelectric ceramic and polymer in a 1-3 type composite will have different
deformations when subjected to an external field. How each component deforms, to a large
extent, determines the performance of the composite. Based on the force equilibrium condition,
an elastic model is introduced to analyze the strain profiles of these composites, and the
theoretical results are in quantitative agreement with the strain profiles measured on several
composites using a double beam ultradilatometer. The results obtained provide quantitative
information on how various parameters in a composite affect the performance of the composite.
Furthermore, a scheme is proposed for evaluating the strain profile of a 1-3 t, pe composite

under a hydrostatic pressure using a double beam dilatometer.

1. INTRODUCTION

A variety of piezoelectric composite materials can be
formed by combining a piezoelectsic ceramic with a poly-
mer phase. Among them, the piezoelectric 1-3 composite
has attracted a great deal of attention and been used
widely.'"* A typical configuration of 1-3 type composites is
illustrated in Fig. 1. In the composites, piezoelectric ceram-
ics, usually lead zirconia titanate (PZT) ceramics, play the
active role of energy conversion between the mechanical
energy and electric energy, while the polymer phase acts as
a passive medium, which transfers the mechanical energy
between the piezoelectric ceramic and the surrounding
with which the composite interacts. The disparity in the
physical properties between the two constituent phases and
different roles they play in a2 composite make it possible to
fine tailor the material properties of a composite t0 meet
different requirements of specific application.*’

There are two major areas where 1-3 composites have
been widely used: underwater hydrophone application and
ultrasonic actuators and sensors for medical diagnostic de-
vices.'™ The former is operated at frequencies below 40
kHz while the latter are operated at a MHz frequency
range. As can be seen from Fig. 1, in making a 1-3 com-
posite, several parameters can be varied: the elastic prop-
erties of the polymer phase, the shape, and the aspect ratio
of the PZT rods, the spacing between the rods, the volume
content, and the arrangement of the PZT rods in the com-
posite. The intention of this paper is to provide some un-
derstanding of how these design parameters affect the per-
formance of the composites for low-frequency applications.
To achieve that. a new model is introduced that treats the
composites beyond the earlier equal-strain model.2%?

When a 1-3 composite is subjected to an electric field
or a stress field, a strain field will be induced in the sample.
Due to the large difference in the elastic and piezoelectric
properties, in general, the two components will have dif-
ferent strain levels and the strain in each component will
not be uniform. This strain profile is determined by the
parameters listed in the preceding paragraph and deter-
mines how effectively the two components in a composite
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couple to each other. The strain profile of a composite
under an electric field can be mapped out using a double
beam ultradilatometer, as will be shown in this paper.'
However, it may not be measured easily when the compos-
ite is subjected to a stress field. In this paper, we will show
that the strain profile measured on a composite under an
electric field can be used to describe the deformation of the
composite under a uniaxial or a hydrostatic stress.

The basic elastic coupling mechanism between the two
components in the 2-2 piezoelectric composite is similar to
that of the 1-3 composite. Although this structure is not
widely used, the mathematical analysis on the performance
of the composite is much simpler and the results obtained
can also be applied to the 1-3 composite. Hence, in this
paper, we will first discuss the performance of 2-2 com-
posites (Sec. I1). In Sec. T1I, 1-3 composites will be ana-
lyzed in the dilute limit. In Sec. 1V, the results obtained in
Sec. 111 will be applied to 1-3 composites beyond the dilute
limit.

il. 2-2 COMPOSITE

In a 2-2 composite, the PZT plates and polymer are
arranged in a parallel manner, as schematically drawn in
Fig. 2(a). Assuming the sample dimension in the y direc-
tion is much larger than the sample thickness L and the
spacing d between the neighboring PZT plates, a 2-2 com-
posite can be modeled as a one-dimensional system. When
there is a strain change S, in PZT plates, for example. due
to an electric field on the composite, there will be a corre-
sponding change in the strain profile of the polymer phase.
Denoting u(x) the surface displacement of the polymer
phase in the z direction, the longitudinal strain 5, in the z
direction of the polymer phase is 2u(x)/L, where L is the
sample thickness. As a result of the strain gradient u{x). a
shear force pL 3*u(x)/4 dx* will be induced in the z di-
rection, where u is the shear modulus of the polymer. Un-
der the static condition, this shear force will be balanced by
the restoring force 2Yu(x}/ L in the polymer, thats
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FIG. 1. Schematical drawing of a 1-3 PZT-polymer composite, where
PZT rods are embedded in a polymer matnix.

PZT

o @ f—

(c)

FIG 1. (a} A schematical drawing of a 2-2 composite, where the
hatched plates sre PZT; (b) the coordinate sysiem for a 2- composite
with a single PZT piate; and (¢) the coordinate system for Eq. (1.3).
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FIG. 3. The strain profile for the polymer between two PZT plates {from
Eq. (1.3)]. The parameter shown in the figure for each curve i ¢
= L/(2 ‘2 Y/u). In the figure, the gap width d is 1 mm.

pl Pulx) 2Y
ol =L u(x), (LD

where Y is the Young's moduius of the polymer. The de.
tails of the derivation of Eq. (1.1) will be presented in a
separate paper.'! The solution to Eq. (1.1) is

2u(x)/L=Aexp(Zx J2Y/u/L)+ B,

where 4 and B are integration constants. For the case
when there is only one PZT plate in the composite, as
shown in Fig. 2(b), the longitudinal strain S; of the poly-
mer phase is

2u 2u w\2V2Y/u w
(£)= (%), o0l -(=-3) 27" (%)
{1.2)
and

Zu) 2u
L ‘( 2 )0 exp
where w is the PZT plate width and 2(u/ L), is the strain
at the PZT-polyr:er interface. Equation (1.2) shows that
the strain in the polymer phase decays exponentially with a
characteristic length £ = L/(2y2Y/u) as the polymer
phase moves away from the PZT plate.

For a 2-2 composite as depicted in Fig. 2(c), the so-
lution to Eq. (1.1) is

2u 2u 2x2Y/n d2Y/u
= cosh 2 sech 2 .
0

)°\T

{(x<—w/2},

( w) 227/
X+ L

(1.3)

where d is the gap width between the two PZT plates.
Equation (1.3) describes the strain profile in the polymer
between the two neighboring PZT plates. In Fig. 3, we plot
the strain profile of the polymer phase calculated from Eq.
(1.3) for L=47mm {({=1), 3.5 mm (£=0.75), 2.3 mm
(£=0.5), and 1.2 mm (£=0.25) for |he gap width d=1
mm. In lhe calculation, Y=4.7x10° N/m® and u=1.
x 10° N/m?, the elastic constants for spurs epoxy were
used. The figure shows a strong dependence of induced
strain profile in the polymer phase on the sampie thickness
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FIG. 4. (a) Strain profile for the 2-2 composite made of PZT-SA and
spurs epoxy with thickness L =4 5 mm. The sample 15 driven eiectrically
at 200 Hz. circles are the data points and the solid lines are the fitung (b)
Strain profile for the 2-2 composite measured at 40 kHz.

From the figure, one can make the following observations:
in this one-dimensional structure, as the sample thickness
approaches that of the gap width, induced strain in the gap
center of the polymer phase approaches zero; On the other
hand, for L/d=35, the strain nonuniformity in the polymer
phase is less than 10% and the equal-strain model can be
used to calculate the effective material properties without
introducing significant errors. Equations (1.2) and (1.3)
also reveal that the elastic properties of the polymer phase
have a significant effect on the strain profile. By reducing Y
or increasing jt, one can greatly increase the elastic cou-
pling between the two components.

To compare with the theoretical results, several 2-2
composites were made using PZT-5A (PZT.5A and
PZT-5H are trademarks of Vernitro Corp. for their PZT
products) plates and spurs epoxy. The strain profile of the
sample was measured along a path parallel to the x axis
using the double beam laser interferometer when the sam-
ple was driven electrically. Shown in Fig. 4(a) is the result
of one of the scans thus obtained. The solid line in the
figure is the theoretical fitting using Eq. (1.3) for the poly-
mer regions between the PZT plates and Eq. (1.2) for the
polymer regions at the two edges of the sample. Clearly,
the theoretical curve describes the data quite well. The
fitting yields the ratio of Y/u =13.35 for spurs epory, which
is larger than the true value of Y/u(=2.76). We believe
that this is due 1o the fact that in Eq. (1.1), the effect of the
stress in the x and y directions is not included. Further
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work will be conducted to incorporate the lateral stress
effect in the constitutive equations.

Equation (1.1) can be modified 1o account for the st-
uation when a composite ts subjected to a low-{requency
driving field (either a stress field or an electnc field). By
low frequency, we mean that the frequency is at Jeast five
times smaller than the first thickness resonance frequency.
Under this circumstance, the longitudinal strain in the
sample can be approximated as uniform and Eq. (1.1) can
be rewritten as

pLdu Y  pL&u
R T el to

to include the time-dependent effect. In Eq. (1.4), p is the
polymer density. For a sinusoidal strain u = u(x) exp(iwt),
where w is the angular frequency of the dniving field, Eq.
(1.4) becomes

uL&u (2Y plo?
It is easy to realize that as long as the quantity (2¥/L?
— pw?/4) >0, the solution to Eq. (1.5) is the same as that
of Eq. (1.1). The strain profile in the polymer region is still
described by Eqs. (1.2) and (1.3), except the charactens-
tic decay length 13 becomes £
= L/2 2 Y—pw!L!/B)/u]A In all the practical cases, the
change in £ is very small. For instance. the change of ¢ is
about 2% when o varies from 0 to 40 kHz for the 2-2
composite used here. To verify this, the strain profile of the
2-2 composite was measured at higher frequency (40 kHz)
using the laser dilatometer. The data is shown in Fig. 4(b)
and the strain profile is almost identical to that measured
at 200 Hz {Fig. 4(a}]. The experimental as well as theo-
retical results both indicate that the polymer strain profile
will not change significantly in this low-frequency region.

We now discuss the situation when the composite is
subjected to a uniaxial stress 7 in the z direction. The force
balance condition yields

ul\du 2Yu

T+(T) w=T (1.6)
By making the variable substitution, v=u— LT/(2Y), Eq.
(1.6) becomes identical to Eq. (1.1). Hence the solution to
Eq. (1.6) for the polymer strain profile between two PZT
plates is

2u ~u>x2¥/u\ T
(—L—) =4 cosh(~—L——) +y
where A = [(2u/L)q — T/Ylsech( — d{2Y/u /L),
(2u/ L}, is the strain at the PZT-polymer interface, and
is the gap width of the polymer phase between the two
PZT plaies.

Comparison of Eq. (1.3), which is the polymer strain
profile induced by the PZT plates when the composiie 15
driven electrically, with Eq. (1.7), which is the strain pro-
file of the polymer phase when a uniaxial stress 1s apphed
on the composite. yields that except for the prefactor and a
constant term, the functional forms of the two cases are the

(1L.7)
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same. As will be shown later in the paper, a similar con-
clusion is also true for the strain profile of a composite
under a hydrostatic stress. This link between the two cases
provides a convenient way for evaluating composites for
hydrophone applications.

Hi. 1-3 COMPOSITE IN THE DILUTE LIMIT

In the dilute jimit, the performance of a 1-3 composite
can be modeled as that of a single PZT rod embeded in an
infinitely extended polymer matrix, as schematically drawn
in Fig. 8 From the symmetry of the problem, a cylindrical
cooidinate system is chosen with the z and r directions
atong the axis of the PZT rod and the radial direction,
respectively. Similar to the situation for Eq. (1.1), the
equation that describes the equilibrium condition of the
polymer phase when the composite is driven electrically is

gL (Pu  du 2Yu
a (?'*75;):_17

The me2ning of each term in Eq. (2.1) is the same as that
in Eq. (1.1). Equation (2.1) can be transformed to the
zeroth-order Bessel equation of the imaginary argument.
The solution that satisfies the boundary condition r— o,
u/L -0, is the imaginary argument zeroth-order Hankel
function Ko{p), where p = 2r V2¥/u/ L. When the strain
n the polymer phase is induced by the PZT rod, the solu-
tion to Eq. (2.1) is

(2u/L)=(2u/L)oKy(p)/Kolast), (2.2)

where (2u/ L), is the strain at the PZT rod-polymer in-
terface, a is the radius of the PZT rod, and ¢
=L/(2J2Y/u).

It is interesting to compare the strain profile of the
polymer phase in the 2-2 composite with that in the 1-3
composite. Shown in Fig. 6(a) are the strain profilss cal-
culated from Eq. (2.2) (single PZT rod 1-3 composite)
and from Eq. {1.2) (single PZT plate 2-2 composite).
Apparently, the strain decay in the polymer phase ina |-3
composite is much faster than that in a 2-2 composite.
Besides that, there is an additional difference between the
1wo cases: the decay in the polymer phase for a 1-3 com-
posite also depends on the PZT rod diameter 2a, while in

(2.1)
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r/a

FIG. 6. (a) Decay of the strain in the polymer phase for (from the 10p to
the bottom) & 2-2 composite {Eq (1.2)] wuh £=1. a single rod 1.2
composite with £ =1, { =05 and £=025. where & = L/ . 2V/p) in
the 1-3 composite, the PZT rod radius 15 0.3 mm The sirain S, in the
polymer phase 15 normalized to that of PZT rod S The abscissa 15 the
distance from the polymer-PZT interface (b) The dependence of the
strain m the polymer phase on the radius of a PZT rod in 2 1-1 composite
in the dilute limit. From the top to the bottom 2=01. 02,03 05 mm
In all the curves, {=1. 71s distance defined 1n Fig S

8 2-2 composite, it is independent of (ne PZT plate width.
To illustrate this, in Fig. 6(b). the strain profiles in the
polymer phase for PZT rod radius a=0.1,02,0.3, 0.5 mm
are plotted, where £=1 and (2u/L),=1 are assumed for
all the cases. Therefore, both the elastic properties of the
polymer phase and the aspect ratio of the PZT roa are
important parameters in determining the performance of
1-3 composites.>'?

Shown in Fig. 7 is the strain profile measured on a 1-3
composite made of a single PZT tube embeded in spurs
epoxy matrix. The strain profile was mapped out using the
double beam ultradilatometer when the sample was driven
electrically at 200 Hz. The solid line in the figure is Ko(7/
£), the strain profile predicted theoretically. The only ad-
justable parameter in the fitting is £, and the theorencally
calculated curve agrees with the experimental data quite
well. The fitting yields the ratio of ¥/u =335 for the spurs
epoxy used, which s the same as that measured in the 2-2
case. The consistency between the two measurements indi-
cates that the model contains the essence of the elasnc
coupling between the two components in -3 type compos-
ites

In what follows, the elastic coupling between the PZT
rod and polymer will be ana'yzed using this model for the
composite subjected 10 (a) an elecine field £ along the ¢
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FIG 7. The stramn profile of a single tube 1-) composite (tubeod =12
mm) measured at 200 Hz using the double beam ultradilatometer. The
composite is made of PZT-5H tube and spurs epoxy. Solid lines are the
fittings using Eq (2.2} with only one adjustable parameter § {({=1.15
from the fitung). Sample thickness L=4.. mm.

direction; (b) a uniaxial stress T along the z direction; and
(c) a hydrostatic pressure. In all the cases, the poling di-
rection of the PZT rod is in the z direction.

(a) when an electric field E is applied to the compos-
ite, from the constitutive equation, one can obtain the z
component of the strain in the PZT rod Sy=d,; £ if there
is no elastic coupling between the PZT rod and polymer.
The effect of the polymer on the PZT rod is to add a
mechanical load to it. In this situation, the strain in the
polymer phase is described by Eq. (2.2). The stress trans-
ferred from the polymer to the PZT rod due to this strain
field is

=—Y(2u/ L)oF(a,§), (2.3)

where (2u/ L), is the strain in the PZT rod after the poly-
mer loading and

26K, (a/st)
Fla,£) =.£..‘___g__. ,
a
where £ = L/(2\/2¥/u), a is the radius of the PZT rod,
and K,(x) is the first-order modified Bessel function. The
strain of the PZT rod due to this additional polymer load-
ing is

(2.4)

(2“) d”E
L o-l+‘3nYF(G»§) '

where ‘s,, is the elastic compliance of PZT. Clearly, due to
the polymer loading, the strain level of the PZT rod is
smaller than d;,E. Using Eq. (2.5), one can calculate the
strain reduction (2u/L)g/(dy,E) if °sy, Y and ¢ are known.
For a thin PZT rod (small a), even when the elastic com-
pliance of the polymer is much larger than that of PZT, the
reduction in the strain of the PZT rod can still be substan-
tial.

In general cases, dy,E can be replaced by S, the strain
of the PZT rod without the polymer matrix. Hence the
total stress on the PZT rod 15

_ YSyF(at)
T T 45y, YF(AE)

(2.5)

(2.6)
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TABLE | Stress amphification factor for 1-3 composites

Y3y, 002 Ot
a{mm} 4 Y
01 IR 90
0.2 83 76
0s 71 48
10 16 lo

A large stress would arise dunng the poling of a 1-3 com-
posite since S is relatively large as the PZT rods are poled,
and this stress acts as a depoling field on the PZT rods 1n
composites. For example, considenng a composite made of
a PZT-SH rod and spurs epoxy, taking 2=0.2 mm, L=35.2
mm, So=0.1%, £=1, 5;,Y=0.1, and ¥=4.7x 10° N/m?,
the stress on the PZT rod is 3.4 x 10’ N/m?.

{b) From the result of the preceding section, the strain
profile of the polymer phase under a uniaxial stress 7 in
the z direction is

(/L) =AKy(r/E) +T7Y, (2.7)

where A=[(2u/L)y—~T/Y)/Ksla/E), (2u/L), is the
strain of the PZT rod. When a composite is used in this
situation, one major concern is how much the stress on the
polymer will be transferred to the PZT rod. To calculate
this quantity, we notice that without the elastic coupling to
the PZT rod the strain in the polymer under the stress 7 is
T/Y. By subtracting out this quantity from Eq. (2.7), one
can obtain the change in the strain profile of the polymer
phase due to the elastic coupling to the PZT rod. From this
consideration, T, the stress transferre* from the polymer
to the PZT rod is

14+ F(af) :
1+ (5,3 Y)F(al) |

or in a more familiar language, the stress amplification
factor y due to the composite

y=Tow/T=[1+F@a&)}/[1+ (3, Y)F(a.£)].
(2.9)

where T\ =T + T, is the total stress applied to the PZT
rod. In Table 1, ¥ is calculated for composites with a dif-
ferent radius of the PZT rod and different elastic properties
of the constituent phases (£=1). For a composite with a
fixed volume percentage of PZT rods, the effective d;y of
the composite is proportional to y. Therefore, the result in
Table | illustrates how the effective d;, of the composite
changes as one varies the radius of PZT rods. Clearly. to
increase the piezoeleciric response of the composite, thin
PZT rods should be used. The result in Table 1 also shows
that the polymer self-loading (polymers with a large
Young's modulus) will significantly reduce the amount of
stress to be transferred to the PZT rod and result in a
smaller y.

In Eq. 12.9), as Y/u approaches zero, Fla.&) will
approach the value of the equal-strain model and y reaches
its maximum value for a fixed sy, Y. Hence, to improve the

To=T

(2.8)

Zhang et 8i 1407




|F R o

stress transfer in a composite, a polymer with a large i and
a small Y will be advantageous.

{c) In the hydrophone application. a 1-3 composite is
subjected to a hydrostatic pressure. The stress on the com-
posite will modify the equilibrium equation (2.1) of the

polymer phase to
Fu I\ du
77

(2.10)

Making use of the relation s, =5,,= — 0sy;, where o is the
Poisson's ratio of the polymer, T',=T,=T,=T in the hy-
drostatic condition, and Y=1/sy;, Eq. (2.10) can be re-

2u L
(f) =5yl +syTy+5, T +5u ry

written as
qu , TpL Fu (1) du -
(T)=( —20) +T 'a—’z+(;) '5;] (2.11)
The solution to this equation is
2u 13 T 2u 12 T Ko(r/78)
(L)“‘ - "’?*[(T)o“ 2 ¥ Kelar®)
(2.12)

The meaning of each quantity in Eq. (2.12) is the same as
that in Eq. (2.7). Comparison between Eqgs. {2.7) and
(2.12) yields that the effect of hydrostatic pressure on a
composite is to reduce the effective pressure on the poly-
mer phase from 7 to (1—20)T. In the case of ¢=0.5, this
effective pressure becomes zero, a situation where the poly-
mer becomes incompressible. On the other hand, Eq.
(2.12) shows that the strain profile in the polymer phase is
still described by the elastic constant ratio 2Y/u, which is
the same as that in the uniaxial stress situation. Hence, it is
more appropriate to describe the reduction of the polymer
strain level in the hydrostatic case as related to the reduc-
tion of the effective stress on its surface, rather than the
change in the elastic constants of the material.

To find the total stress T, exerted on the PZT rod,
one has to calculate the strain of the PZT rod (2u/L), in
the composite under the hydrostatic pressure T. Using the
reciprocal relation that the total force of the polymer phase
on the PZT rod is equal in magnitude and opposite in sign
to the total force of the PZT rod on the polymer phase, one
can find Tloul'

thul

14(1=20)F(a,8) = Y[sh+ (1 =20)%5,F(a.£})
l+‘s,,YF(a,§)

xFlat), (2.13)

where ‘s, =sy;+ 2%, is the hydrostatic elastic compliance
of the PZT rod. and a is the PZT rod radius. Hence, in the
dilute limit, the hydrostatic piczoelectric constant d,, in the
compsite is related to the piezoelectric constant °d,, of the
PZT 10d by the equation
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TABLE [ Hydrostauc prezoelectnc charge constant for 1-3 composse
with 2 3% PZT volume content In the calculation ‘dy, = $90 pC/N ypg
‘d, =45 pC/N are used

a=03 mm =09 mm
Y'sy, 002 0.1 002 01
£ d, (pC/N)
1.0 106 b3 [ 4] 39
0.5 51 34 24 19
dh= {cdn(] + ( ] '-20)!:(0,5)
Y(sa+{1=20) 5y, F(a.f) ) F(a.f) .
- 3 P +2dy fig,
1+ SJ)YF(G.S) i
(2.14)

where v, is the volume fraction of PZT rods in the com-
posite and °dy; and ‘dy, are the piezoelectric constants of
PZT ceramics. Equation (2.14) is denived under the con.
dition that the ceramic content in the composite is very low
{dilute limit). Introducing A as the distance at which the
polymer strain changes from (2u/L)y to 0.1(2u/ L)y, we
may define the criterion for the dilute limit in a 1-3 com-
posite, that the distance between the two neighboring rods
should be equal 10 or greater than (2a+4). For example,
if the PZT rod radius is 0.25 mm, the dilute limit corre-
sponds to about 5% or less PZT in a composite. Table {]
lists the d, value calcuiated using Eq. (2.14) for compos-
ites with a 5% PZT rod of radius 0.3 mm and 0.5 mm. In
the calculation, o=} is assumed for the polymer and s,,=
— 1§ 533 is used for the PZT rod. The data indicate how d,
varies with PZT rod aspect ratio when the volume content
of PZT is kept constant, and the eflect of the polymer
self-loading. The results are consistent with the existing
experimental data ®'*"

IV. 1-3 COMPOSITE BEYOND THE DILUTE LIMIT

When the volume content of PZT rods in a composite
becomes higher, as in most practical cases, the dilute ap-
proximation is not adequate in calculating the stress trans-
fer properties between the PZT rods and polymer matrix.
For a 1-3 composite as schematically drawn in Fig. I, to
solve the exact solution for the strain profile in the com-
posite under either an electric field or a stress field can be
quite involved, albeit it is not impossible. To avoid this
complication and as a first-order approximation, we as-
sume the solution for a 1-3 composite is a haear superpo-
sition of the solution in the dilute limit. Normaily, the
radius of the PZT rod used in 1-3 composites ranges from
0.1 to 0.5 mm, and as has been shown in the preceding
section, for thin PZT rods, the strain decays rapidly as the
polymer phase moves away from the PZT rod. Hence. f
the volume percentage of PZT in the composite s not very
high ( < 20%), one only needs to consider the effect of the
nearest nesghbor PZT rods in calculating the stran profile
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FI1G. 8. Top view of a 1-3 composite. The area enclosed by the square is
the unit cell and the circles are PZT rods. To calculate the polymer strain
in the hatched area, only the nine PZT rods shown in the figure need to
be considered if the ceramic content is less than 20%.

of the polymer phase in the hatched area of Fig. 8. Based
on this consideration, the strain profile in the polymer
phase of the unit cell can be approximated as

(3 25

(3.0

where the summation is over the nine PZT rods shown in
Fig. 8 and r; is the center position of the ith rod. A, is the
normalization factor, which will be determined from the
boundary conditions that the strain at the polymer-PZT
rod interface is equal to that of the PZT rod and all the
PZT rods have the same strain level. It is clear that Eq.
(3.1) cannot meet these conditions and A, determined
from different boundary points will be different. However,
it can be shown that even for a composite containing 20%
PZT, the vaniation of A, calculated from different bound-
ary points is less than 109. Within this error, Eq. (3.1)
can be used to describe the strain profile of the polymer
phase in the unit cell containing the PZT rod 4. To ac-
count for the variation of Ay at a different boundary point,
Ag is calculated at points 1, 2, and 3 of the PZT-polymer
boundary. This gives three different Ay and the final value
of Aq is the averaged one over these three values,

p 1\ f2u 1 1 i

()T n)
where (2u/L), is the strain of the PZT rod and L,
=3} _Ko(|a,—r,|/£), a, is the coordinate vector of the

point labeled i in Fig. 8. From the resuits in Sec. IIl, d;,
and d,, for the composite are, respectively,

(3.2)

dy=uvl 1 +4(a.£) 17[ (1 + 5,3V A(a,6) | ‘dyy (3.3)

d,= !‘d”(l+ (1-20)4(a.f)

Y{‘s,,-&(!—~20)'s3\.4(a.§')]/1(a.§))+2rd X
- U,
l+(5)}YA(0.§) o

(3.4)
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the meaning of each quantity 15 the same as that in Eq.
(2.14), except A(a.£). which is defined as

Ay <
Alaf) = 2z (3.5

n=i

f Kol(lr,—r)dx dv,
4

where the integration i1s over the hatched area in Fig. 8. By
assuming the strain in the polymer phase a constant, the
above equations can be reduced to that derived earlier us-
ing the equal-strain approximation.'*

Here d, is calculated for 1-3 composites made of
PZT-5A and spurs epoxy using Eq. (3.4). The parameters
used in the calculation are obtained from the available lit-
erature.'’ For a 1-3 composite with 105% PZT volume
content and the rod radius ¢=0.3 mm, the d, values cal-
culated are 55, 35, and 20 pC/N, respecuvely, for a sample
thickness of L =4, 2, and | mm. These numbers are com-
parable with the experimental values: 61, 32, 17 pC/N
measured by Klicker for composites with the correspond-
ing material parameters.® For the composites with a higher
volume fraction of PZT, the agreement between the theory
and experiment becomes less satisfactory. This is what is
expected from the assumption of this model.

V. CONCLUSIONS

In this paper, using the force equilibrium condition an
elastic model is introduced to describe the deformation of
1-3 type composites under different driving conditions.
Based on this, the effects of PZT rod aspect ratio, polymer
shear and Young's moduli, as well as the spacing between
PZT rods on the elastic coupling between the two compo-
nents and the performance of composites are analyzed
quanti tively. The theoretical results are in good agree-
ment with experimental observations. Furthermore, using
a double beam ultradilatometer, the strain profiles of sev-
eral composites with simple structures were measured and
the resuits can be described quite well by the theoretical
predicted profiles. It is also shown that the strain profile
measured in this manner can be used to describe the de-
formation of composites under a uniaxial or hydrostatic
pressure.
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STRAIN PROFILE AND PIEZOELECTRIC PERFORMANCE OF PIEZOCOMPOSITES
WITH 2-2 AND -3 CONNECTIVITIES

Q. M. Zhang. Wnewu Caa, . Wang, and L. I£. Cross
Materials Research Laboratory, The Penusylvania State University
University Patk, PA 16802

Abstract: The piezoelectric performance of 1-3 1ype cemposite
depends critically on the stress wransfer between the two constituents
phases. This paper presents the results of our recent invesugation
on the elastic and piezoelectric behiaviors of composites with 2-2 wud
1-3 connectivities. By taking into account the nonuniform strain
profiles in the constituent phases, the thearetical mode! presented
can quantitatively predict the performance of these composites,
Theoretical predictions agree quantitatively with the experimental
results.

Introduction

The quantitative study of the pearformance of picroceramic-
polymer composites is an interesting and chatfenging problem, In
the past, a great deal of studies have been devoted 1o this subject, b=}
Nevertheless, most of these studies are based on the cllective
medium theory, where the material properties in each constituent
phase are assumed 10 be uniformy, and the etfective matenial
parameters of a composite are calculied using either the paralicl
model (Voigt averaging) or series model (Reuss averaging).
Although these studies provided gencral guidelines in predicting the
composite properties, the quantitative predictions of the effective
material parameters deviate fiom the experimental observations in
most cases.

In this paper, we will present the resulis of our recent siudy
on piezoceramic-polymer composites with 2-2 and 1-3 1ype
connectivity. -6 Since the most impostant factor of 1 composie
structure is the siress transfer between the two constutuent phases,
the key to establish a working model for the composies is to
understand how this stress ranster is weatized. Nustrated n tigare |
is a 2-2 composite structure in which the ceranne plates and polyier
are arranged parallel with cach other, When subjected to a uniaxial
stress, the composite will deform as osisaed by the dashed hoes w
figure 1(b). For comparison, we have also ploned s the same
figure the deformation prolile assming no elastic coupling between
the two constituent phases. The effectiveness of the stress transler
hetween the 1two phases depends on how much the strain in the
polymer phase differs in the two situations Jihe asea between the
dash-donted line and the dashed line in figure 1)} This iy
determined by the elastic properties of the constituent phases and
geometric factors of the composite. Clearly, the stress transter in
the composite is through the sheir toice and the striun 1 both
phases is not uniform. When the strais is unitorar in thie composite,
there is 3 maximum stress transter between the two phises. Thisas
the base for the isostrain model. However, W achieve that sitwanon,
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Figure I: Schematic drawing of the 2-2 composite: (a) sirain profile
(dashed line) of the composite from the isostrain model when
subjected to a uniaxial stress; (b) real swain profile (dashed line).
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the shear modules of the polymer phiase aceds t be infinity, which
is not practical. This explains why the theoretica! calcutatons based
on the isostrain model always overestimate the piczoelectric
tesponse of composites. Shown in figure 2 is the stain profile for a
1-3 composite manufactured by Fiber Materials, Inc.. The sirain
profile was measored by the double beam laser merferometer.
Clearly, the strain i the polymer phase is much smaller than tha
expected from the isostrain model.  The major advance of our
maxlel 15 to take into account this nonunifonnuy of the strain profile
in the constituent phases explicitly. Theretore, this mode! can make
quantitative predictions on the dependence of the effective muaterial
properiies of & composite on the propertics b s constituent plises
and the swnple geomietric fictars,
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Figure 20 Strain profile for a 13 composite measmed by the double
beam laser intertcrometer. Hatched cegions are P21 rads

The sirgio profile in 2-2 composicy

The cross secton of a 2-2 famelbr caanmc-poiviner composite
is shown in figuie 3, where @ and e the dinensions o ihe
ceraniic plite and the polymer respectively n tlic s-directian, and 1,
15 the thickness of the composite m the z-dinecuon. The dunension
of the composite in the y-direcnon is mnch Luger than L, o and d.

Under & uniaxial swess T3, both the polymier and the cerumic
are either streiched or compressed depending on the sign of Ty.
From symmetry consideration, the z=0) plune (nurror plane) does not
move at all in the z-direction. n the near static case, one can assume
the strain to be unitonn in the z-direction for any given x.
Taking a segment as shown in figure 3 with unit leagih in the y-
direction (h=1), the wnal shear force in the z-direciion fs i

fs=(144) j1ougy(x, 1.72) dx

where u(x, 1./2) ts the displacement protde an the wop suface of the

polymer, §t is the shear modihis ol the potymier. o the x-direction
the composite can move freely and the stress component in this
direction is therefore zero. In the y-direcuon, the polymer is
bounded by the ceramic plates and the ol sicess in this direction is
lumped imo T3 since we are not interested m the detatls of this stress
component.  Fram these canditions, one can write down the
constitutive redattons tor this elastic ody:

.2_5'(_’}?.‘.‘/,"‘.” =7,“(l4‘ ML L72) 4T 50454, T, (1a)
. f.
s,=s23134.s-‘,(“4 Udx /2) 4T ) (1b)

where 52 is the y component ol the sirain in the polymer phase, s,
is the elasnc compliance  For the polymer, one has the retations:

s22=83y and s1a/53y=-00 where ¢ s the Porssordy rano, faea 22




Figure 3: A section of 2-2 composite for our analysis.

composite with its y-dimension mwuch farger than L, a and d, Sz is
practically a constant and is independent of x. ‘I'hat is, the strain in
this direction can be modelled by the isostrain approximation.
Combining eqs (1a) and (1b) to eliminate Ty viekls
2u(x, L/2) _ ’

2
i ‘1‘('-0 )l;llu"(x,L/Z)wu(Ln )T3‘US2 (2)

If one neglect the stress effect in the v-ditection, eq. (1) will be
reduced to

2u(x.LR2)

i (3)
Hence, the elfect of the y-direction stress on the strain in the z-
direction is 10 modify the elastic compliance s1210 533(1-02) and 10
add an additionat constant term (Poisson’s ratio effect) in the
equation. 1t does not affect the functionad form of the equation.
Considering the fact that both T3 and S are constants, we can thake
variable substitution: v=ut (LI2X o sp- succl o H 8 and equation
(2) becomes

2
ZV(X‘.Q-‘:SJJ“'U )l,T'“vxl(x' Uz) (4)

Therefore, the strain profile in the polymer phase between the two
neighboring ceramic plates is

2 3 Z T
7= A cosh 2 Ew/ 2Y/u(1-6 ) + -Y—’ - 08,

where A is the integration constant, Y=1/s13 is the Young's
modulus of the polymer phase. x=0) is at the center of the polymer
filling. A can be determined from the boundary condition: A=

= ‘J_xlj HULX L/2) 1o0d,

5

i ?
QuyL -TVY +052)/cosh(';: V ZY/((1-0 1) where 2up/L is the

strain in the polyvimer-ceramic interface. For the sitnation when there
is only one ceramic plate in the composite, the lungitudinal strain of
the polymer phase is

. / 2 T
2u/L= B exp(- 9—11/‘-2-2% 2Y/(u(l-0 ) '0—Y—" -0S;  (x>a/2)
and (6)

. 2 T
20L=B expX “ljf’z %V V(-0 ) 208y tx<al2)
where x=0) is set at the center of the ceramic plate.

To compare with the theory, several 2.2 composites were
smade vsing PZT-5A plaies embeded in spurs epoxy matrix. The
longitudinal strain S3=2u/L of the sample was napped out along a

ath parallel (o the x-axis {refer to figure 1) using the double beam
aser interferometer. Presented in figure 4 is the profile taken from
one of these scans. The solid line in the figure is the fitting vsing
eq. (5) for the polymer regions between the PZT plates and eq. (6)
at the two edges of the sample. Ctearly, the theoretical curve
describes the data quite well. From fitting the data, une can obtain

the value of Y/(u (1-C 2y)=3.35. For an isoiropic medium, we
Lave ke relationship Y/u =2 (1-0). Therefore, from the value of
Y/ (1-0 1))=3.35, we can derive 0=01 4, which is a reasonable
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Figyre 4: Comparnison between the experimentally measured strain
proftle (dots in the figure) of a 2-2 composite and the theoretical
curves (solid lines).

value for the spurs epoxy used.

Although the basic stress transfer mechanism bewween the two
constituent phases in a 1-3 type composite is similar to that in the 2-
2 type, the problem of solving the strain profile in a regular 1-3
compasite is more involved and may be calculated numerically.
Here »¢ will only treat one special case, a single rod 1-3 composite
subjec.ed to a hydrostatic pressure, to show quantitatively how
various paramelers affect the performance of a 1-3 composite. The
single rod composite is schematically drawn in figure 5, where 2
cylindrical coordinate system is used. This configuration is a
reasonable approximation to the composite with triangutarly
arranged ceramic rods (for which the unit celi has hexagonal
symmetry) and at low ceramic content, the results here could even
be used for composites with other rod arrangements.®

POLYMER
MATRIX

CERAMIC
ROD

Figure 5: Schematic drawing of a single rod 1-3 composite.

Similar to the 2-2 composite situation, the force equilibrium

cond.istion for the polymer phase can be written in the following
form

ufr,l/2)

BE wilr. 12) + 252 () )

where the meaning of each quantity is similar 10 that in the preceding
section and p is the hydrosiatic pressure. One can write down
similar equaiion for the strain profile in the ceramic rod. The strain
profile for the polymer phase is therefore given by

2WL = A Ko(r/8) + B 1o(t/8) - (1-2 0) p/Y (8)

where Kqo(p) and 15(p) are zeroth order modified Bessel functions.
A and B can be determined from the boundary conditions. From the

2Yu(r, L/2)
L
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strain profile, one can calculate the stress transfer between the two where Vc is the volume content of the ceraniic i the composite. d33€
constituent phases and hence the effective piezoeleciric hydrostatic and d3° are the piczoclectic constants of the ceranie phase, and Y,
strain constant d:

c c is the stress amplificauon factor:6
dp=V(y,dy+2dy) {9)

[ ' [
Z1LORILPRK (P -11p JK P AN -20)Y -(1-20 )5 5]
‘{hzll.-— (i

2s c 2 c
A/ T’;’ 6P P AK P 1P JK PRI 10N (PRK P +1ulp K (Pl
4 u

where s33 and caq are the elastic compliance and the shear constant

of the ceramic, o€ is the Poisson's ratio of the ceramic, S R e S
—€-- Expenimani
2Y 2 S5 = Fitling )
pr =(2 /L) T; and p,° =(21/L) 's‘;a . One can see that
the stress amplification factor depends on the elistic properties of the - 5
constituent phases and most importantly. on the aspect ratio of the g
ceramic eodd. Poltted in fignie 6 is the calculated resubis for dy from € 45
eq. (N for several different aspect ratios for a 21511 Spurs epoxy 8
composite. The input data can be found i reference 6. Clearly, . | et
aspect ratin of the PZT rod is an imponant parameter in delenmining o
the piczoelectric petfonnmnce of 1-3 composites. -,
Shown in figure 7 is the comparison between the as “
experimentally measured dj, for a -3 composite with 1% PZT
volume content in spurs epoxy matrix and that calculated Trons s 1. . : . . ) ‘ '

equation (Y).  The parameters used in the calcubation are Tisted in .s s s 6 65 ; 7'
teference 0, and dyy and dyp were teated as fitting paramcters. The
agreement between the experimental sesult and theoretical calcubaton
is satistactory.

a 85
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FFigure 7 Thickness depewdance of 3 tora 1.1 composite and the
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Piezoelectric tubes and 1-3 type tubular composites as tunable actuators and sensors
Q. M. Zhang, H. Wang, and L. E. Cross

Matenals Research Laboratory, The Pennsylvania State University
University Park, PA 16802

ABSTRACT

The piezoelectric actuators and sensors made of tubular structure can provide a great agility of the
effective response in the radial direction. For a radially poled piezoelectric tube, the effective
piezoelectric constant in that direction can be tuned to be positive, zero, and negative by varying the ratio
of the outer radius (Rp) to the inner radius (rg) of the tube. For a suitable ratio of Rg/rg, this effective
constant can also be changed in sign or set to zero by adjusting the DC bias field level for tubes made of
electrostrictive materials. Therefore, one can make a piezoelectric transducer with all the effective
piezoelectric tensile constants having the same sign. The end capped thin wall tubes also exhibit
exceptionally high hydrostatic response and the smail size of the tubular structure makes it very suitable
for integration into 1-3 composite which possesses low acoustic impedance and high hydrostatic
response.

L INTRODUCTION

The recent advance in the adaptive materials and structures has put increasing demands on new
materials and material structures to broaden the range of material properties provided by the conventional
materials. .2 By integration of several materials into a comnposite or by structure modification, one can
greatly improve the performance of devices. In this paper, we will examine the effective piezoelectric
properties of a tubular structure and its composites formed from arrays of such tube for both actuating
and sensing applications. We will show that for a radially poled ceramic tube, the competition between
the piezoclectric d33 effect and d3 effect in the radial direction provides a convenient way to adjust the
effective piezoelectric properties in that direction by changes in the tube radii. The small thickness of a
thin wall tube also makes it practical to use field biased electrostrictive materials for actuators and sensors
since only a low terminal DC voltage is required to produce substantial piezoelectric activities in the
materials in this geometry and by adjusting the DC bias field level, the effective piezoelectric constant in
the radial direction can be tuned from positive to zero, and to negative.

2. Pl B FIELD

When a radially poled tube is subjected to an electric field along the radial direction, on the average,
the strain in the axial direction equals d3| Eq, where d3 is the linear piezoelectric constant and Ep, is the
average field in the material. The dimensional change in the radial direction, however, is complicated.
In this section, the solution of the elastic equation for the tubular structure under an electric field will be
presented. It will be shown that with the same applied electric field, the outer diameter (OD) of the tube
can either expands or contracts depending on the ratio of the OD to ID of the be. This phenomenon is
the direct consequence of the competition between the piezoelectric d33 and d3; effects which have -
opposite sign in producing the change in the tube OD under electric field. DAt

. .
For a tubular structure, it is convenient to use the cylindrical polar coordinate system, as shown in
figure 1, in the analysis of the strain response of the sample under an electric field. The symmetry of




/T(r 'dr)dv

4>

->

Figure 1: Schematic drawing of a radially  Figure 2: Forces on a segment of a tube in the

poled ceramic tube with the outer radius R l i i
and inner radius 1y, plane perpendicular to the tube axis(z).

the problem requires that the ¢-component of the displacement field ug=0. For a thin wall tube. one can

neglect the coupling terms containing both r and z in the displacement field u and assume

u=ufrr+ufz)z Under this approximation, the non-zero strain component are:

du, u du,

s — =—-r- e . . .
Ug= - Uso™ 7 and u,; 3 The constitutive relations for the tube, therefore, are

T.= C11 Uzz +€12 Uge+C12 Urre31E
Tp = C11 Upr +C12 Ugo+C12 Uzz-€33E 1N
Ty=C12 Uzz +C11 Ugpe+c12 Ure3IE

whgn: Tz, Ty, and Ty are the stress components in the three directions, c;; is the elastic stiffness constant,
¢jj is the piezoelectric stress constant, and E is the applied electric field on the tube wall along the r-
direction . It is well known that the electric field is not a constant inside the tube wall and with a toual

voltage V applied on the tbe, E= (rgSTSRp. In writing down equation (1), we also

\
rin (Ryfrg
made the approximation that the tube is isotropic clastically to simplify the analysis. The nonisotropic -
case will be addressed in the next section when we discuss the hydrostatic response of the end capped -
tubes. Both the experimental results which will be presented later in this section and the analysis in the-.
next section show that the errors due to the isotropic approximation are not significant. e

o
For a tube segment shown in figure 2, from the force balance consideration under the static condition,

one can arrive at




3T, T,-T,
-é_+ 0 =0 (2)
r

Making use of the constitutive equation (eq. (1)), the basic elastic equations for this problem are

190 —‘931E 511(11'0)(1"‘20)
r T .
or 'ar 1-0 3)

du,
—= = constant
0z

where © is the Poisson’s ratio and sy is the elastic compliance. The solutions to eq. (3) are
b . 93;\/ 511(1 +0’)(l-20')

U,=ar+—
r !np 1-0 (4)

and Uz=cz
where p=Rg/ro. a, b and ¢ are the integration constants and can be determined from the boundary

conditions: Uzz=d31Em , where En is the average electric field in the tube (E = v ). and

T (Ro+ro) In(Ryfrg)

at r=Rg and rg, there is no extemal stress on the tube wall which implies T,=0 at these two boundaries.
Substituting eq. (4) into eq. (1) and using the boundary conditions, one can get

a=E, ((1-20) d33- 0d3:)/(2(1- 0))

=- R 1g Eq (d33 + 6 d31)/(2(1- ©)) (5)
c=d3) Em

In deriving eq. (5), we have used relation e3;=c11d31+c12(d31+d33). All the strain components for the
tube can be obtained from eqs. (4) and (5). Here we are more interested in finding out how the tube
outer diameter changes with applied electric field as the ratio of Rg/rg varies since in most of the
applications, this is the quantity of interests. Substituting a and b in equation (4) into the expression for
u, and setting r=R yield the displacement of the tube outer wall u(Rg)

ur(Ro)=Em ((Rg+r) d3; + (Ro- rg) d33 )/2

This equation reveals that ui(Rg) can be changed from positive to zero, and to negative by varying the
ratio of Ry/rg.

To illustrate the advantage of using thin wall tube for actuator applications, one can compare the
piczoelectric response of a tube discussed here with a rod cf radius R and length L subjected to the
same applied voltage V. For the rod, the field is applied along the axial direction and u,;=d33 V/L.and ..
upr=d3; V/L. For the tube sample, one can equivalently introduce the quantity u,/Rq as the effecrive=:
strain in the radial direction !

u(Ro)/Rg= Em ((14r9/Rg) d3; + (1- rg/Ro) d33)/2 (6)

).
.
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Sirlnicljar to a rod sample. we inroduce the effective piezoelectric constants for the tube as if it were a rod
poled axially, T

eff u elf
uu=d33\’/L and R—;=d31V/L (7)

where L is the axial length of the tube and V is the voltage applied on the tube wall. From uz;=d3; Ep
and equation (6). the effective piezoelectric constants can be deduced .

S AL
dys=dyy (Rg+rglin(Ryfr (8)
ff L To fo
d e L 14, 4(1- 10
31 (Ro"_ro)[n(Rdro) ( RO) 31 ( RO) 33]

For thin wall tubes with L much larger than Rg, which is the case in most of the applications, both d33¢ff
and d31¢'f can be exceptionally large. This demonstrates that the tubular structure has great advantage g
over the regular ceramic rod for actuator application. Besides that, by choosing (1+rg/ Rg) ld3yl > ¢1- ~

1o/ Ro) Id33), the effective d33 and d3) of the tube will have the same sign. By adjusting the ratio Ro/ rg, 4

. efl - .
one can also continuously vary d; of the tube from positive to zero and to negative.

To compare with the theoretical prediction, the displacement field ur(Rg) and u,; of a radially poled
PZT-5 tube were measured using a double beam laser dilatometer.3 The ceramic tubes used were
manufactured by Morgon Matroc, Inc., Vemitron Div. with Rp=0.635 mm and rp=0.381 mm. From the
data acquired and using eqs (4), (5) and (6). we get d33=289 pC/N and djy=-141.3 pC/N for the tube
material. For most of commercially available PZT materials, the ratio of d33/d3; ranges from 2.15 to
2.3.4 The measured ratio here (d33/d3,=2.05) is slightly below that range which we believe is the result
of the approximations used in the derivation. The effective piezoelectric constants defined in eq. (7) for

the tube, therefore, are d13¢ff=-8180 pC/N and d3¢ff=-3220.5 pC/N, the two coefficients have the same
sign as predicted by eq. (8) and they are exceptionaliy large.

The small thickness of the tube wall also makes it possible to use electric field biased electrostrictive
materials for the actuator application since only a small bias voltage ‘s required here to induce substantal
piezoelectric responses in the materials. Shown in figure 3 is the DC field induced piezoelectne
constants of lead magnesium niobate (PMN)-lead titanate (PT) with a composition of 0.9PMN-0.1PT (
the data is taken from ref. 5). Clearly, the ratio of the piezoelectric constants d33/d3; for this matenal is
bias field dependent. At the bias field level 1 kV/cm, d33=400 pC/cm and d31=-200 pC/cm, while at the
bias field 3 kV/cm, d33=1000 pC/cm and d3;=-400 pC/cm. In figures 4(a) and 4(b). we show how
d33¢ff and d3¢ff of a tube made of this material will vary as the ratio of rg/ Rg changes for these two
cases. It can be seen that the cross-over points where d31¢ff changes sign are different for the two cases.
Hence, for a suitable ratio of rg/ Rg, by tuning the DC bias field level, both sign and magnitude of d3;¢ff
of the tube can be varied. In figure 5, the dependence of -d31¢f/d3) on the ratio of d3;/d33 is shown
explicitly for a tube with ro/ Rg=0.4.

T YD P -3 TYPE A
COMPOSITES ’

The availability of small size ceramic tubes makes it attractive to integrate them into ‘1#3 rype,
piezoceramic-p 'lymer composites for large area applications and to provide more flexibility for further
material property modification. Before the discussion on the composite properties, we will briefly derive
the expression for the hydrostatic response of end capped tubes first since this is the most commonly

used mode of piezo-tubes as hydrostatic sensor.




Elaciric Bios Field (kV/cm)

Figure 3. DC bias field induced Figure 5: Dependence of djy on the
piezoelectric constants of ratio d, /d,, for a tube with r /R, = 0.4.
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Figure 4: (a) Dependence of d3 on r/R, for tubes with d,, = 400, d,, = -200 and
L/R, = 15; (b) with d,, = 1000, d,, = -400, L/R, = 0.4,

Simular to the derivations presented in the preceding section, the displacement field of a tube under
hydrostatic pressure, when expressed in the cylindrical coordinate system, is ug=0 and

G =u (1) ; +u,(2) ;. (for an isotropic material, this is the exact form of the displacement field and for a_.

poled ceramic tube, the error in using this Jorm of the displacement field, as will be shown later s Tess,
than 10%.) Since all the external forces are appli -1 on the surfaces of the tube, there is no mu:rnai body

force in the tube wall, eq (3) becomes:




aru, cu

= const. and —= = const.
rar dz @
The solutions 10 the equations are:
Ur=ar+b/r and u;=cz (10)

The non-zero strain components are:

Urr = a - b/r?, uge=a + b/, anduy, =c¢ (an
where a, b, and ¢ are the integration constants. The boundary conditions which will be used to
determine them are: since the two ends of the tube are sealed, there is no pressure inside the tube, at

r=2r°. Tr = 0; at r=Ro, Tr =- p; and at z=0 and z=I, the suess in the axial direction is T, =-p Rozl(Roz-
_To®), where - p is the applied hydrostatic pressure. For an anisotropic tube, the constitutive relations are:
Tz=C11 uzz +C12 upg+C13 U
Tr = €33 Uy +C13 Ugg+C 3 Uzg (12)
Tp=C12 Uzz +C|| Upe+C13 Ut

where ci{ are the elasti- stiffness coefficients of the poled ceramics. Substituting the strain components

in eq. (11) into eq. (12) and omitting the term in Ty having r dependence, one can obtain a, b, c:
2
- PRq C3-Cyy
a= 13a
RZ_,2‘013(%2*019'%1(‘313*C33)] (13)
(4] [+]
2,2
- 1R
p=—20°_P (13b)
Rg- r,z, €33-Cy3
2
-pR C)3-C
_"PRg 12- ¢33 ] (130

—RZ- 2 CifC 7 3 - €43+ 3y
0 ro

From eqgs. (11), (12) and (13), the hydrostatic response of the tube can be calculated from the

relation
D3=d3|Tz+ d3|T¢+d33T’ (14)
where D1 is the electric displacement in the poling direction. The value of dy can be found by taking the
average charge produced in the inner and outer surfaces of the tube wall and divided it by the outer
surface area of the tube. This yields from eq. (14):
2 2 2
1 R, CipHCi2-C11-C1fn Ci-€y To
dp="L{dye L+ B Lyay as)
n=zldn Ro- ’o[ (Cu(cnfcn) -cyfc ey’ cp-cy Rpo !

Using the elastic stiffness coefficients for PZT-5H,4 for a tube with Rg=0.635 mm and ro=0.381 mm,
eq. (15) predicts dy =-657 pC/N or 2.4 d3;. 1* the tube Rg is doubled while keeping the wall thickness
the same, the dy, value can reach -1786 pC/IN. Hence, for thin wall tubes, an exceptionally large
hydrostatic response can be achieved. -

For an elastically isotropic tube dy can be found by simplifying eq. (15) using the isotropic.-
conditions ¢ =C33, C}2=C}3! MR

1 Ro 1] e &
dhz-i-( d33+-R°-—~_—;;{2+ ‘R"‘a]d}l) (16) /

For the PZT-5H tube just calculated, the calculated dp value is -594 pC/N (2.17 d31) when eq. (16) is




Experimental measurements were performance on several PZT-5 tubes (Rg=0.635 mm and ro=0.381

mm) with two ends sealed and radially poled (the dielectric constant € for this group of sample is around
1700 at the atmospheric pressure). dp was measured through the direct piczoelectnc effect where the
charge induced on the electrodes of a sample is measured when the sample 1s subjected 1o a hydrostatic
pressure. d3j and d33 were measured using the doubic bxam laser interferometer.3 For this group of
samples, the dy, was in the range from -330 pC/N to -400 pC/N and d3; from - 140 pC/N to - 160 pCAN.
The ratio between experimentally measured dp and d3; (on average) is 2.45 which is very close to that
predicted from eq. (15). Clearly, to make a quantitative prediction about the hydrostatic response of a
tubular structure, one may be required to include the elastic anisotropy in the calculation.

In analogy to the situation discussed in the preceding section, one can also manipulate the
piezoelectric response of a tube to the stress field in the radial direction by changing the ratio of ro/Ro for
tubes made of piezoelectric materials or the DC bias field for tubes made of electrostrictive materials.
Here, we will use the result just derived for the hydrostatic response of a tube as an example. In eq.
(14), the hydrostatic response of a tube comes from three terms, one is from the pressure in the axial

direction and the other two from the pressure in the radial direction. The electric displacement D3 due 1o
the pressure in the radial direction is
Dy'=d3 Ty +d33 Ty
Hence, the partial piezoelectric response df of the tube to the pressure in the radial direction is
2. 2 2

Ry (B Cu-CiFs ) Cnts fo, . (17)
Ro-fo ‘cifcz¥c ) - cyylcz7c3)” c;-cyy Rg™
Obviously, the opposite sign of d33 and d3; provides a convenient way to change d' in eq. (17). One
can easily verify that by varying the ratio of Rg/rg, df changes continuously from positive to zero, and to
negative. Similar to the actuator case, for suitable ratio of rg/Rg, one can also change the sign of the
effective radial response here by using electrostrictive materials with different DC bias field level.
Furthermore, for a tube made of electrostrictive material, its piezoelectric response can be tummed off by
setting the DC bias field zero. This result as well as the result in the preceding section indicate that the
range of the effective piezoelectric properties of the materials can be considerably broadened by using the
tubular structures.

1
d'=5{dy+

To calculate the hydrostatic figure of merit for this tubular seasor, we notice that in practice. the
quantity dngy is a measure of the product of the charge and voltage produced in a unit volume matenial.

For a tubular material, its effective volume is tRgZL, where L is the tube length when the end capped
tube is regarded as a rod with its radius equal to Rg. Hence, the effective figure of merit for the tube is

a0 ey (R0 24502
hgh-w fo 33 3‘Ro-ro Ro (18)

0

Here, we have used dp result for an isotropic tube (eq (16)). One can easily expand the resuit to
elasucally anisotropic materials. Clearly, for a thin wall tube a large figure of merit can be obtained.

We now discuss the properties of 1-3 tubular composites. A typical 1-3 tubular composite is
schematically drawn in figure 6. For the composite discussed here, the tubes are radially poled and the
composite is electroded on the two end faces. Hence, special arrangement is required to ensure a proper
electric connections between the electrodes at the tube walls and the composite end faces. This kind ot
composite can be used for large area actuator and sensor applications, as well as smart matenials where
both sensor and actuator are integrated into one structure. Here, we only discuss the properties
associated with the sensor applications.
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Figure 6: Schematic drawing of a Figure 7: Schematic drawing of 1-3 tubular
1-3 tubular composite. composite with only one tube embedded in an
infinite extended polymer matrix.

When tubes are integrated into a 1-3 type ceramic-polymer composite, as has been demonstrated in
our earlier publications, there is a stress transfer between the polymer matrix and the ceramic tubes in the

z-direction.”-8 This stress transfer is the result of the difference in the elastic constants between the two
constituent phases and is through the shear force in the two phases. Due to this stress transfer, the
piezoelectric response of the tube in the axial direction is enhanced. To provide a physical picture of
how the hydrostatic response of a tubular 1-3 composite changes as the elastic properties of the two
constituent phases and their geometric parameters are varied, we will treat quantitatively the composite
schematically drawn in figure 7. This composite corresponds to the tubular composite in the dilute lirmut.
However, since only the polymer matrix close to the ceramic-polymer interface participates the swess
transfer, the result can also be applied to the composite with finite ceramic content.

The procedure of calculating how much stress is transferred from the polymer phase to the ceramic
rod is similar to that outlined in the earlier publications.”8 Under hydrostatic pressure p, the surface
displacement field u; of the polymer phase in the z-direction should satisfy the following equation

2
P

2
—-&:-(S“*.zsl»p + ) (19)

L arz rar

where p is the hydrostatic pressure, s;; is the elastic compliance of the polymer phase, p is the shear
modules of the polymer phase, and L is the thickness of the composite in the z-direction. The solution to

eq. (19) is the zeroth-order Hankel function Ko(p) and
2u;,  (1-20)p
T Y
where A is an integration constant and £=1/(2 4/ 2Y/u), the strain decay length in the polymer phaseﬂn-;‘

eq. (20), we have made use of the relations s;3=-0s51; and Y=1/s1}, where Y and O are the Young's
modules and the Poisson's ratio of the polymer, respectively. The total force f transferred from the

+ A K78 (20)




polymer phase to the ceramic tube is, therefore

f=Yf 2nr A Kol dr

Two boundary conditions are needed to determine f. The first one is the condition that at the ceramic
tube-polymer interface, the z-component of the swrain in the two phases should be equal, and the second
is the relation between the z-component of the strain in the ceramic tube and the stress field

2 [
pRo(l-G )S$1 N fS”
2 2 ¥ 2
Rg-rs  ®RQ-TY.

where 1€ and o€ are the elastic compliance and the Poisson's ratio of the ceramic tube, respectively.
Hence, the total stress in the axial direction of the tube is "

BRG | Ad(1-20)RYs) - (1-20)

@b

U=

T,=

Ao 14K gpgAJK (o YsiRE)
2

.. PRo

= 22)

where 7 is introduced as the stress amplification factor, Ao=(Rg2-rg?), po=Ro/E, and Ki(p) is the first

order Hankel function. In figure 8, we plot ¥ as a function of the aspect ratio Rg/L for a 1-3 tubular
composite made of PZT-5H tube with Rg=0.635 mm and ro=0.381 mm and spurs epoxy.? Apparently.
for thin and long tubes, the stress amplification factor is large. This is similar to that obtained earlier for
1-3 composites made of ceramic rods.”3

Using the results from the single tube and equation (22), one can write down the effective
hydrostatic piezoelectric strain coefficient for 1-3 bular composites
eff L

R r
dh =g Ve s 3+—§?;)(l+y+—é%)d3,) (23)

where v is the volume content of the ceramic tubes in the composite which is defined as v¢ =rt Ro?/a.

and a is the unit cell area of the composite. For a composite in the low ceramic volume content, Yin eq.

(22) is equal to that in eq. (23). With increased volume content, the dependence Y on the material
properties of the constituent phases will become more complicated and one may not be able to derive the

analytical expression for y except in some special cases. In this paper, we will not pursue this further

and only point out that in the composite, there is always a stress transfer between the two phases (¥ >1).
the general rule o increase this stress transfer is basically the same as that for the dilute composite case.

The effective hydrostatic figure of merit for 1-3 tubular composites is

eff eff V R R r 2
Sgn = D) (dyy {14+l (29)
To Ro-1o Ro
For the comparison, in table I, we present the experimental values of the hydrostatic response of anend .
capped ceramic tube, a 1-3 composite with tube inside air backing, and a 1-3 composite with tube inside *
epoxy backing. All 1-3 composites had the volume content of 23.3 % ceramic tube and the dimensions
of the tubes are: Rg=0.635 mm, ro=0.381 mm, and L=9 mm. The polymer matrix was made of spurs
epoxy. In the composite with epoxy backing, the tube inside was filled with spurs epoxy. d3j listed in




the table was calculated using the single tube result where the ratio d33/d3;=2.2 was used. From this

d3). Y was calculated from eq. (24). Clearly. the y value here is much smaller than that shown in figure
8 (Ro/L=0.07 here). One of the reasons for this is that figure 8 is for the composite in the dilute Limit.

the ¥ value for composites with finite ceramic content should be smaller than that in figure 8. The
imperfect stress tansfer between the two phases and the depoling effect of the tubes during the epoxy

curing may also be responsible for this reduction of y. Although the data in table I show that the
hydrostatic responses of the composites tested are not as high as that of the single tube, the different is
not very large. As the volume content of the ceramic tube and other parameters in a composite are varied,
the effective hydrostatic figure of merit for 1-3 tubular composites will change. In the optimum
condition, one would expect that dn¢fgneff for a tubular 1-3 composite may exceed that of a single tube.
Apparently, further experimental and theoretical work is required to address this issue. Further more. the
figure of merit of 1-3 tubular composites is much higher than that of 1-3 composites made of ceramic
rods.8

4. MMARIES AND A ME

In this paper, the effective piezoelectric responses of the tubular structure and its composites were
evaluated both theoretically and experimentally. When used as actuators, the effective piezoelectric
constant in the radial direction of a tube can be changed from positive to zero and to negative by
adjusting the ratio of Ro/rg for piezoelectric materials or the DC bias field for electrostrictive materials.
Therefore, the effective piezoelectric constants along the axial direction and the radial direction can both
have the same sign. For the sensor applications, the two ends sealed tube exhibits exceptionally high
hydrostatic response and analogues to the situation of actuators, the pressure response in the radial
direction can be adjusted by the ratio of Rg/rg for piezoelectric matenials or the DC bias field for the
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electrostrictive materials. For large area applications, these tubes can be readily integrated into 1-3
composite structure which provides low acoustic density and high piezoelectric activity. The
effectiveness of the stress transter between the polymer phase and the ceramic tube in 1-3 composite
makes it possible 1o back fill the inside of the ceramic tbe which increases the mechanical integnty of
the tubular structure while keeps the piezoelectric response of the composite almost intact.

This work was supported by the Office of Naval Research.
REFERENCES

1. R. E. Newnham and G. R. Ruschan, “Smart Electroceramics,” J. Am. Ceram. Soc. 74, 463
(1991).

2. R. E. Newnham, Q. C. Xu, S. Kumar, and L. E. Cross, *Smart Ceramic,” Ferro. 102, 259 (1990).
3.Q. M. Zhang, S. J. Jang, and L. E. Cros- -{igh-frcnqucncy strain response in ferroelectrics and its
measurement using a modified Mach-Zehnder interferometer,” J. Appl. Phys. 65, 2807 (1989).

4. See the data sheet of Morgon Matroc, Inc., Vemimon Div.

5. D. J. Taylor, D. Damjanovic, A. S. Bhalla, and L. E. Cross, “Large Hydrostratic Piezoelectric
Coefficient in Lead Magnesium Niobate: Lead Titanate Ceramic,” Annual Report of the Matenialss
Research

6. R. A. Langevin, “The Electro- Acoustic Sensitivity of Cylindrical Ceramic Tubes,” J. Acoust. Soc.
Am. 26, 421 (1954); "Handbook of Hydrophone Element Design  Technoledgy”, NUSC Technical
Document 5813 (1978).

7. Q. M. Zhang, Wenwu Cao, H. Wang, and L. E. Cross, “Characterization of the performance of 1-3
type piezocomposites for low frenquency applications,” J. Appl.- Phys. (Feb. 1993).

8. Wenwu Cao, Q. M. Zhang, and L. E. Cross, “Theoretical study on the static performance of
piezoelectric ceramic-polymer composites with 1-3 connectivity,” J. Appl. Phys. 72,5814 (1992).

9. The data used are: Y=3.1 (109 N/m2), p=1.148 (109 N/m2), and 6=0.35 for spurs epoxy (from C. G.

Oakley, Ph. D. Thesis, The Pennsylvania State University, 1991); s1;¢=1.64 (10-!! m%/N), and 6=0.31
(ref. 4).

Table [ Hydrostatic properties of the end capped tube and 1-3 tubular composites
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€ dptf(pC/N)  dpM gutlT(10--15m2/N) d3y (pC/N) Y

End capped tube 2,945 -14,330 10,000 -235 l
Composite 2,922 -5.502 6.389 -235 2.11
(air backing)
Composite 2,944 -4970 5,172 -235

(epoxy backing)
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PIEZOELECTRIC TUBES AND TUBULAR COMPOSITES
FOR ACTUATOR AND SENSOR APPLICATIONS

Q. M. Zhang, H. Wang, and L. E. Cross
Matenals Research Laboratory, The Pennsylvania State University

University Park, PA 16802

Abstract: The piezoelectric actuators and sensors made of tubular structure can provide a
great agility of the effective response in the radial direction. For a radially poled
piezoelectric tube, the effective piezoelectric constant in that direction can be tuned to be
positive, zero, and negative by varying the ratio of the outer radius (Rg) to the inner radius
(ro) of the tube. For a suitable ratio of Ro/rp, this effective constant can also be changed in
sign or set to zero by adjusting the DC bias field level for tubes made of electrostrictive
materials. Therefore, one can make a piezoelectric transducer with all the effective
piezoelectric tensile constants having the same sign. The end capped thin wall tubes also
exhibit exceptionally high hydrostatic response and the small size of the tubular structure
makes it very suitable for integration into 1-3 composite which possesses low acoustic

impedance and high hydrostatic response.




. INTRODUCTION

The recent advance in the adaptive materials and structures has put increasing demands on
new materials and material structures to broaden the range of material properties provided
by the conventional materials. 12 The novel concept of piczocomposites is one such
example which combines two or more materials with complementary properties to expand
the effective properties of the composite beyond those of each individual component.3:4
With the existing matenials, by structure modifications, one can also greatly improve the
performance of devices. In this paper, we will examine the effective piezoelectric
properties of a tubular structure and its composites formed from arrays of such iube for
both actuating and sensing applications. For a radially poled ceramic tube, the competition
between the piezoclectric d33 effect and d3q effect in the radial direction provides a
convenient way to adjust the effective piezoelectric properties in that direction by changes in
the tube radii. The small thickness of a thin wall tube also makes it practical to use field
biased electrostrictive materials for actuators and sensors since only a low terminal DC
voltage is required to produce substantial piezoelectric activities in the materials in this

geometry.

II. PIEZOELZCTRIC RESPONSE OF A TUBE UNDER AN ELECTRIC FIELD

When a radially poled tube is subjected 1o an electric field along the radial direction, on
the average, the strain in the axial direction equals d3; Ep,, where d3; is the linear
piezoelectric constant and Eyy, is the average field in the material. The response in the radial
direction, however, is complicated. In this section, the solution of the elastic equation for
the tubular structure under an electric field will be presented. It will be shown that with the
same applied electric field, the outer diameter (OD) (or the inner diameter (ID)) of the tube
can either expands or contracts depending on the ratio of the OD to ID of the tube. This

-




phenomenon is the direct consequence of the competition between the piezoclectric d33 and
dy effects, which have opposite sign in producing the change in the tube OD under electric
field.

In analyzing the strain response of a tubular structure under an electric field, it is
convenient to use the cylindrical polar coordinate system, as shown in figure 1. The
symmetry of the problem requires that the ¢-component of the displacement field ug=0.

For a thin wall tube, one can neglect the coupling terms containing both r and z in the

displacement field u and assume u=u(r) r + u(z) z. Under this approximation, the non-

du, u, du,
Z€ro strain component are: “nzg' Uoe™ 1 and uu:‘a—z". The constitutive relations for
the tube, therefore, are
Tz= €11 Uz €12 Uge+C12 Ur-€31E
Tr =2 ug +C12 Upy+C12 Uzz-€33E 1)

Te=C12 uzz +C11 Uep+C12 UrenE

where T, Ty, and Tg are the stress components in the three directions, the cj; are the elastic
stiffness constants, the ejj are the piezoelectric stress constants, and E is the applied electric

field within the tube wall in the r-direction . It is well known that the electric field is not a

v
rin (RgTg)

(roSr<Ry. Inequations (1), we made the approximation that the tube is isotropic

constant inside the tube wall and with a total voltage V applied to the tube, E=

elastically to simplify the analysis. The effect of anisotropy will be addressed in the next
section in which we discuss the hydrostatic response of end capped tubes. Both
experimental data, which will be presented later in this section, and the analysis in the next

section show that the errors due to the isotropic approximation are not significant.




Making use of the constitutive equation (eq. (1)) and the static equilibnum condition, we

can derive the basic elastic equations for this problem3

2_(1 0 Ur)=-931E 511(14’0)“—’20)
arfar r 1-0

)

u
—2 = constant
d2z

where © is the Poisson's ratio and s) is the elastic compliance. The solutions to eq. (2)

are
b 931V 511(1 +0)(1-20)

Uy=ar+—+
r |np i-o (3)

and y;=c2
where p=Rg/rp. 3, band c are the integration constants which can be determined from the
boundary conditions: uz;=d3)Er, , where Eq is the average radial electric field in the tube

2V :
(E= Rorrg R ), and at r=Rg and rg, there is no external stress on the tube wall

which implies T,=0 at these two boundaries. Substituting egs. (3) into egs. (1) and using
the boundary conditions, one can get
a=Ep ((1-2 0) d33- 6d31)/(2(1- 0))
=- Rorp Em (d33 + ¢ 451)/2(1- o)) 4
c=d31 Em
The strain components for the tube can be obtained from egs. (3) and (4). Here we are
more interested in finding out how the tube outer diameter changes with applied electric
field as the ratio of Rg/rg varies since in most of the applications, this is the quantity of
interest. Substituting a and b from equation (4) into equation (3) for u, and setting r=Rg
yield the displacement of the tube outer wall u(Rg)
u(Ro)=Em (Ro+10) d31 + (Rg- ro) d33)/2




This equation reveals that u{Rg) can be changed from positive to zero, and to negative by
varying the ratio of Ro/ro.

To illustrate the advantage of using thin wall tubes for actuator applications, one can
compare the piezoelectric response of a tube with a rod of radius Ry, both of length L
subjected to the same applied voltage V. For the rod, the field is applied along the axial
direction and u;z=d33 V/L and ug=d31 V/L. For the tube sample, one can equivalently
introduce the quantity u/Rg as the effective strain in the radial direction

u(Rp¥Ro= Em ((1+10/Rg) d3) + (1- ro/Ro) d33 )/2 (5)
Similar to a rod sample, we introduce the effective piezoelectric constants for the tube as if

it were a rod poled axially,
f u f
u,~d3; VL  and i!—'=d§,v/1‘ 6)
0

where L is the axial length of the tube and V is the voltage applied on the tube wall. From

up=d3; Ey and equation (5), the effective piezoelectric constants can be deduced
d5r=d 2L
3B Rp#rpInR grg) s

eff _ L o1, YO _To.
3= RorrgnRargit TRy B3 433!

For thin walled tubes with L much larger than Rg, which is the case in most of the
applications, both d33¢f and d31¢ can be exceptionally large. This demonstrates that the
tubular structure has great advantage over the regular ceramic rod for actuator applications.
Besides that, by choosing (1+r¢/ Rg) Id331 > (1-r¢/ Rp) Id33l, the effective d33 and d3) of
the tube will have the same sign. By adjusting the ratio Rg/ rg, one can also continuously

vary dgf; of the tube from positive to zero and to negative.

To compare with theory, the displacement field u{Rg) and u, of a radially poled PZT-
5 tube were measured usir:g a double beam laser dilatometer.6 The ceramic tubes used

were manufactured by Morgon Matroc, Inc., Vemitron Div. with Ro=0.635 mm and




10=0.381 mm. From the data acquired and using eqs (3), (4) and (5), we got d33=289
pC/N and d31=-141.3 pC/N for the tube material. For most of conumercially available
PZT materials, the ratio of d33/d3; ranges from 2.15 to0 2.3.7 The measured ratio here
(d33/d31=2.05) is slightly below that range which we believe is the result of the
approximations used in the derivation. The effective piezoelectric constants defined in eq.
(6) for the tube, therefore, are d33¢ff=-8180 pC/N and d31¢(1=-3220.5 pC/N, the two
coefficients have the same sign as predicted by eq. (7) and they are exceptionally large.
The small thickness of the tube wall also makes it possible to use electric field biased
electrostrictive materials for the actuator application since only a small bias volage is
required here 1o induce substantial piezoelectric responses in the materials. In the field
biased electrostrictive materials, it has been shown that the ratio of the piezoelectric
constants d33/d3y is bias field dependent.8 Hence, for a suitable ratio of R/ rg, by tuning

the DC bias field level, both sign and magnitude of d31efT of the tube can be varied.

1I. THE HYDROSTATIC RESPONSE OF END CAPPED TUBES

The availability of small size ceramic tubes makes it attractive to integrate them into 1-,
type piezoceramic-polymer composites for large area applications and to provide more
flexibility for further material property modification. Before a detailed discussion of
composite properties, we will derive the expression for the hydrostatic response of end
capped tubes since they are commonly used as hydrostatic sensor.d As demonstrated in
section 11, the ratio of Rg/rg provides a convenient way to adjust the stress sensitivity of the
sensor.

Similar to the derivations presented in the preceding section, the displacement field of a
tube under hydrostatic pressure, when expressed in the cylindrical coordinate system, is

ugp=0 and u=u £n) T+u 42 z (For an isotropic material, this is the exact form of the




displacement field equations. For a poled ceramic tube, the error in using this form of the
displacement field, as will be shown later, is less than 10%.) Since the tube is capped on
both ends, the pressure field is applied only to the outer surfaces of the tube, eq. (2)

becomes:

dru, du,
= const. and ——=const. (8)
ror 02

The solutions to the equations are:
u=ar+b/r and yz;=cz 9
The non-zero strain components are:
ur=a-bir2, uge=a+bir, anduz=c (10

where a, b, and c are the integration constants which can be determined from the boundary
conditions. The boundary conditions are: at r=to, T; = 0; at r=Ro, T, =- p; and at z=0 and
z=l, the stress in the axial direction is Tz =- p Ro2/(Ry2-152), where - p is the applied
hydrostatic pressure. For the purpose of comparison, we will determine the integration
constants a, b, and ¢ in eq. (9) for both an elastically isotropic tube and a piczoelectric
ceramic tube. For the later tube, the constitutive relations are:

Ty=c Uz #€12 Upe+C13 U

Tr = €33 Upy +C13 Ugg+C13 Uzz (11)

To=C12 Uzz +C11 Ugp$+C13 Upr
where cjj are the elastic stiffness coefficients of the poled ceramics. Following the
convention in the literature, in eq. (11), 3 reefers to the poling direction (; direction), 1 the
;dirccn'on, and 2 the ; direction, Substituting the strain components from eq. (10) into eq.

(11) and omitting the term in T, having r dependence, one can obtain a, b, ¢:
)
_- PRy Ci3-Cn

a=
R? 2'c){cjp+ €19 - €43+ Ccp)
o To

1 (12a)




= (12b)
Ri"i C3-Cy3
2
__PRo Ci2-Cn

¢ RE. 2 Clictz*cu)'cn(cu*cn)l
1+ o]

(12¢)

Therefore, the stress distribution in the tube is given by:
-pR 4
Tr=_9....‘2{1-_°] (13a)
2 2 2
Ro-1, 1

2 2. 2 2 2
T = PRy CisCirCirCify | CirfiTo
o= -0
RZ. 2 cufCic - ey C33Cu3 2
o-To r

) (13b)

—pRo

2=
2 2
Ro'ro

(13c)

A term ((c12-c13)b/r2), which is less than 7% of the total T,, was omitted from eq. (13¢).
Since T; itself is one of the boundary condition used to derive the integration constants a,
b,anccandisequalto-p Rozl(Rczﬁnz), the appearance of this extra-term in the
expression for T, derived using egs. (11) and (12) is believed to be an error resulting from

the approximation made for the displacement field for the tube under hydrostatic pressure.

However, the small size of this error (less than 7%) indicates the approximation is’

acceptable.

From the stress distribution equations, the hydrostatic response of the tube can be
calculated from the relation
D3=dy T, +d5 Ty+dyT, (14)
where Dj is the electric displacement in the poling direction. The value of dy, can be found
by taking the aveiage charge produced in the inner and outer surfaces of the tube wall and

divided it by the outer surface area of the tube. From eq. (14):

2 2 2
1 R, Cti-Ci-Cifn €11-C13 To

dr=x(du+s—a[1+ + 214 15

h 2l . Ro"ol (Clicxr’fu)'cu(cu"cn)) €33-Cy3 RO} il (13)




[n eq. (i5), we have taken the tube outer surface as the total electroded area to calculate dy,.
Using the elastic stiffness coefficients for PZT-5H,7 for a tube with Rg=0.635 mm and
r0=0.381 mm, eq. (15) predicts dy =-657 pC/N or 2.4 d33. If the radius Ry is doubled
while keeping the wall thickness the same, dj, increases to -1786 pC/N. Hence, for thin
walled tubes, an exceptionally large hydrostatic response can be achieved.

Eq. (13) can be reduced to the stress field of an elastically isotropic tube by using the
isotropic conditions c11=c33, c12=c}3. I can be shown that the result thus obtained is the
exact solution to the tube stress field and similarly dy can be found by simplifying eq. (15)
using the isotropic condition:

o

1 R r
dh:i{d33+m[2+ ﬁ%]dn, (16)

Using the data above for the PZT-5H tube, the value of dj, calculated from eq. (16) is
found to be -594 pC/N (2.17 d33).

Experimental measurements were performed on several PZT-5 tubes (Rg=0.635 mm
and rgp=0.381 mm) with two ends sealed and radially poled (the dielectric constant € for this
group of samples is around 1700 at the ambient pressure). dp was determined by the direct
piezoelectric effect, i.e. by measuring the charge induced on the electrodes of a sample
which is subjected to a hydrostatic pressure. d3j and d33 were measured using a double
beam laser interferometer.9 For this group of samples, dp ranged from -330 pC/N to -400
pC/N and d3) from -140 pC/N to -160 pC/N. The ratio between the experimental values of
dp and da) (on average) is 2.45 which is very close to that predicted from eq. (15).

Clearly, to make a quantitative prediction of the hydrostatic response of a tubular structure,
one should include the elastic anisotropy in the calculation.

In analogy to the situation discussed in the preceding section, by varying the ratio of
Rg/rg, one can also manipulate the response of the tube to the stress field in the radial

direction. Here, we will use the result just derived for the hydrostatic response of a tube as




an example. From eq. (14), the hydrostatic response of a tube comes from three terms,

one is from the pressure in the axial direction and the other two from the pressure in the

radial direction. The electric displacement D3 due to the pressure in the radial direction is
D3'=d31Ty +d33 Ty

Using the result of eq. (13) and taking the average charge produced at the tube inner wall

and outer wall, one can obtain the piezoelectric response df of the tube to the pressure in the

radial direction

2 2 2
1 R, Ciztci2-C- 1€ Cp-ci3 To
d'=={dyn+ ( ) + —1d 17
2{ 3 Ro'ro{ C{C 3+ 1) - CfC 3y C€33-Cp3 RO] ) (17

Since d33 and d3 are opposite in sign, one can easily verify that by varying the ratio of
Ro/ro, df changes continuously from positive to zero, and to negative. Taking the
elastically isotropic tube as an example and assuming d33/d31=2.2 in eq. (17}, when
19/Ro=0.375, d' becomes zero. That is, the tube now becomes insensitive to the pressure
wave in the radial direction. Similar to the actuator case, for suitable ratio of ry/Rg_one can
also change the sign of the effective radial response here by using electrostrictive materials
with different DC bias field levels. This result as well as the result in the precedirg section
indicate that the range of the effective piezoelectric properties of the materials can be
considerably broadened by using the tubular structures.

To calculate the hydrostatic figure of merit for this tubular sensor, we notice that in
practice, the quantity dngh is a measure of the product of the charge and voltage produced
in a unit volume material. For a tubular material, its effective volume is nRg?L, where L is
the tube length when the end capped tube is regarded as a rod with its radius equal to Rg.

The capacitance of the tube is
2nle £

InRgro

=

10




where € is the dielectric constant of the matenal. Since the towal charge produced by the
tube is equal to 2nRpldp and the voltage is equal to this charge divided by the capacitance

of the tube, the effective figure of merit for the tube is

1 RO Ro Ig. .2
=—— In(— —) 2+
dn8h T, astds(p =@ Ry (18)

0

Here, we have used d, result for an isotropic tube (eq (17)). One can easily find the

equivalent expression for a elastically anisotropic tubes. Clearly, a large figure of merit

can be obtained for a thin walled tube.

IV. 1-3 TUBULAR COMPOSITES

A 1-3 composite consisting of piezoelcctric ceramic tubes embeded in a polymer matrix
is shown schematically in figure 2. For the composite discussed here, the tubes are radially
poled and are electroded on the inner and outer cylindrical surfaces, the composite is
electroded on the two end faces. Hence, special arrangements are required to ensure proper
electric connections between the electrodes at the tube walls and the end faces of the
composite. This kind of composite can be used for large area actuator and sensor
applications, as well as smart materials in where both sensor and actuator are integrated into
a single structure. In this section, we only discuss the properties of the composite
associated with the sensor applications.

When tubes are integrated into a 1-3 type ceramic-polymer composite, as has been
demonstrated in our earlier publications, there is a stress transfer between the polymer
matrix and the ceramic tubes in the z-direction, 10,11 which is the result of the difference in
the elastic constants between the two constituent phases and is through the shear force in
the two phases. Due to this stress transfer, the piczoclectric response of the tube in the

axial direction is enhanced. To provide a physical picture of how the hydrostatic response
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of a wbular 1-3 composite changes as the elastic properties of the two constituent phases
and their geometric parameters are vaned, we will reat quantitatively the composite
schematically drawn in figure 3. This composite corresponds to the tubular composite in
the dilute limit. However, since only the polymer matrix close 1o the ceramic-polymer
interface participates in the stress transfer, the result can also be applied to composites with
finite ceramic conent.

The procedure for calculating the stress transferred from the polymer phase to the

ceramic rod is similar to that outlined the earlicr publications.}0.11 Under hydrostatic J

pressure p, the surface displacement field u; of the polymer phase in the z-direction should

satisfy the following equation

2
2u s Jdu, du
—ZLu(s) #2851 P+ 1;1113\ zz z
L ort ror

) (19)

where p is the hydrostatic pressure, s;; ts the elastic compliance of the polymer phase, p is
the shear modulus of the polymer phase, and L is the thickness of the composite in the z-

direction. The solution to eq. (19) is the zeroth-order Hankel function Kg(p) and

2uz__(l-20)p
T~ Y

where A is the integration constant and &=L/(2 ¥ 2Y /), defines the strain decay length in

+ A K (1/) (20)

the polymer phase. In eq. (20), we have made use of the relationships s)2=-0s;1 and
Y=1/s11, where Y and ¢ are the Young's modules and the Poisson's ratio of the polymer,

respectively. The total force f transferred from the polymer phase to the ceramic tube is,

therefore

=Yf-27trA K (r/8) dr

Two boundary conditions are needed to determine f: the first is that at the ceramic tube-

polymer interface, the z-component of the strain in the two phases should be equal, and the
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second is the relauonship between the z-component of the strain in the ceramic tube and the
stress field
2 € ¢ <
pRo(l"U)$11 rS”
e 7 2 2
Rg-ro n (Ro-rgp

where s11€ and o€ are the elastic compliance and the Poisson'’s ratio of the ceramic tube,

@1

respectively. Eq. (21) can be derived following the procedure outlined in the preceding
section. Hence, the amount of stress transferred from the polymer matrix to the ceramic

tube is

P pr)( Ao(1-20)/(R2YsS) - (1-26) S,
mAy A0 14KpgA/ (2K (pYsiRE)
where Ag=(Rg2-102), po=Ro/. and K(p) is the first order Hankel function. Since the
polymer phase is subjected to a hydrostatic pressure, the Poisson's ratio effect causes the
reduction of the effective pressure at the polymer faces from -p to -p(1-26). As shown in
eq. (22), this reduces the stress transfer from the polymer phase to the ceramic tube. To
increase the stress transfer, one should choose polymers with small Poisson's ratio. The

total stress in the axial direction of the tube is

_pRg(H Ao(l-2c)/(R?;Ys§1)-(l-20c) )

T,=
Ao 14K dpPAJK (pPYSIRE)
2
_ PRo
=2 @3

where yis introduced as the stress amplification factor. In figure 4, we plot  as a function
of the aspect ratio Rg/L for a 1-3 tubular composite made of PZT-5H tube with Ro=0.635
mm and rp=0.381 mm and spurs tr.poxy.12 Apparently, for thin and long tubes, the stress
amplification factor is large. This result is similar to that obtained carlier for 1-3

composites made from ceramic rods embeded in a polymer matrix.10.11
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Using the results from section 11 and equation (23). one can write down the etfective

hydrostatic piezoelectric strain Locfﬁcnem for 1- 3 twbular composites

dit é‘ v <d33+~———<x+v+——>d3o (24)

where v is the volume content of the ceramic tubes in the composite which is defined as v,
=n Ro?/a, and a is the unit cell area of the composite. For a composite with low ceramic
volume content, yin eq. (22) is equal to that in eq. (24). With increased volume content,
the dependence of y on the material properties of the constituent phases will become more
complicated and one may not be able to derive an analytical expression for y except in some
special cases. In this paper, we will not pursue this further and only point out that in the
composite, there is always a stress transfer between the two phases (Y >1). The general
rule for increasing stress transfer is basically the same as that for the dilute composite case.
In the limit of v => 1, eq. (24) is reduced to that for a single tube when regarded as a

rod with the similar dimensions

a L Ro .. To
dh_ﬁa (d 33+R—0_—r'6(2+§-6)d 3D (25)

Eq. (16) can be converted to eq. (25) by using the area of the tube end (nR(?) as the
effective electrode area instead of the area of the tube outer wall. Similarly, one can also
derive the effective hydrostatic ﬁgurc of mcril for 1-3 rubular compositcs

g Ve
dpgp=

e, 1n<——‘-‘>(d33+——(1 Y))dnl (26)

Asv = 1(Y=>1), the result is reduced 10 that for a single tube sensor (eq. (18)).

For the comparison, in table I, we present the experimental values of the hydrostatic
response of an end capped ceramic tube, a 1-3 composite with air filled capped ceramic
tubes (air backing), and a 1-3 composite with epoxy backed ceramic tubes. The two 1-3
composites have ceramic tube volume content of 23.3 % . The dimensions of the tubes

are: Rg=0.635 mm, rg=0.381 mm, and L=9 mm. The polymer matrix was made of spurs
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epoxy. For the data in the table, d3) was calculated using eq. (25) tor a ratio Ry/L=0.07
where the ratio d33/d3;=2.2 is used. From this dj|, y was calculated from eq. (26).
Clearly, the y value here is much smaller than that shown in figure 4. One of the reasons is
that figure 4 is for the composite in the dilute limit. The values of y for composites with
finite ceramic content should be smaller. The imperfect stress transfer between the two
phases and the depoling effect of the tubes during the epoxy curing may also be responsible
for this reduction of Y. Although the data in table I show that the hydrostatic responses of
the composites tested are not as : igh as that of the single tube, the different is not very
large. As the volume content of ceramic tubes and other parameters in a composite are
varied, the effective hydrostatic figure of merit for 1-3 tubular composites will change.
Under optimum conditions, one would expect that dptTgne fora Sular 1-3 composite

will exceed that of a single tube. Further experimental and theoretical work is required to
address this issue. It is significant that the figure of merit of 1-3 wbular composites is much
higher than that of 1-3 composites using ceramic rods.!1

If there were no stress transfer from the polymer phase to the ceramic tubes in these
tubular composites, one would find for this 1-3 composite dyff= 3339 pC/N and
dyfTgpeff= 2353 x10-15m?/N, values much smaller than those listed in table 1. That these
values are much smaller clearly demonstrates the importance of the stress transfer between
the two phases in a 1-3 composite.

One interesting feature from table I is that the hydrostatic response of the 1-3 tubular
composite with ceramic tubes having epoxy backing does not differ significandy from that
of the composite with tubes having air backing. That is, the presence of epoxy inside a tube
does not change the stress distribution in the tube wall significantly except to transfer stress
in the z direction. This can be understood because the elastic moduli of the ceramic tube are

much higher than those of epoxy. As a result, the ceramic tube wall shields the epoxy
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inside the tube from secing the pressure in the radial direction. Conversely, the epoxy
inside the tube does not exert significant amount of stress to the ceramic tube wall in the
radial direction. Therefore, the epoxy filled inside of a tube provides an effective way of
enhancing mechanical strength without reducing the hydrostatic response of the composite

significantly.

V. SUMMARY AND ACKNOWLEDGEMENT

In this paper, the effective piezoelectric responses of the tubular structures and
composites including them were evaluated both theoretically and experimentally. When
used as actuators, the effective piezoelectric constant in the radial direction of a tube can be
changed from positive to zero and to negative by adjusting the ratio of Rg/rp for
piezoelectric materials or the DC bias field for electrostrictive materials. Therefore, the
effective piezoelectric constants along the axial direction and the radial direction can both
have the same sign. For the sensor applications, the two ends sealed tube exhibits
exceptionally high hydrostatic response and analogues to the situation of actuators, the
pressure response in the radial direction can be adjusted by the ratio Ro/rg for piezoelectric
materials or the DC bias field for electrostrictive materials. For large area applications,
these tubes can be readily integrated into 1-3 con.posité structures which provide low
accustic density and high piezoelectric activity. The effectiveness of the stress transfer
between the polymer phase and the ceramic tube in 1-3 composite makes it possible to fill
the inside of the ceramic tube with epoxy which increases the mechanical strength of the
tubular structure without significantly reducing the piezoelectric response of the composite.

The authors wishes to thank Drs. J. Powers and A. O. Sykes for many stimulating
discussions. The technical assistance of Mr. H. Chen is greatly appreciated. This work

was supported by the Office of Naval Research.
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Table I Hydrostazc properties of the end capped tube and 1-3 wbular composites

..........................................................................................................

€ dnefT(pC/N)  dneMghtM(10--15m2N) d3 (pC/N) ¥

End capped tube 2,945 -14,330 10,000 -235 1
Composite 2922 -5,502 6,389 -235 2.11
(air backing)
Composite 2,944 -4,970 5,172 -235
(epoxy backing)
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